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DISPLAY APPARATUS, DISPLAY METHOD,
AND PROGRAM

CROSS-REFERENCE TO RELATED
APPLICATION

This U.S. non-provisional patent application claims pri-
ority to and the benefit of Japanese Patent Application No.
2014-247998, filed on Dec. 8, 2014, the entire content of
which is hereby incorporated by reference.

BACKGROUND

1. Field

One or more aspects of example embodiments of the
inventive concept relate to a display apparatus, a display
method, and a program.

2. Description to the Related Art

Recently developed is a flat panel display apparatus in
which pixels including a self-light-emitting element, such as
an organic light-emitting diode (OLED), are arranged in a
matrix.

The self-light-emitting element (hereinafter referred to as
a “light-emitting element” in some cases), such as an OLED,
may deteriorate in proportion to a luminance of emitted light
and a light-emitting time thereof. Since an image displayed
on a display apparatus may not be uniform, light-emitting
elements (OLEDs) may differently deteriorate. For example,
a light-emitting element that displays a high-luminance
color, such as white, tends to easily deteriorate compared to
a light-emitting element that displays a low-luminance color,
such as black.

When the deterioration of a light-emitting element is in
progress, the luminance of the light-emitting element tends
to become lower than that of a light-emitting element that
deteriorates relatively slowly. As a result, for example, when
a uniform color is displayed after a certain pattern is
displayed for a long time, the pattern may remain visually
recognizable. Such a phenomenon is generally known as
“image sticking” (or “burn-in”).

In an example for reducing a luminance difference
between pixels due to the deterioration of the pixels, a part
of light from a light-emitting element may be received by a
photodiode included in a pixel circuit, and the amount of
current supplied to the light-emitting element may be con-
trolled on the basis of a result of the reception of light,
thereby compensating for luminance deterioration of the
light-emitting element. However, since a transistor for con-
trolling the amount of current supplied to a light-emitting
element is operated in a saturation region, characteristics of
the transistor are changed, thereby causing unstable opera-
tion.

In an another example, a part of light from a light-emitting
element may be received by a photodiode included in a pixel
circuit, and a light-emitting time (duty ratio) of the light-
emitting element may be controlled on the basis of a result
of the reception of light, thereby compensating for lumi-
nance deterioration of the light-emitting element. However,
since a light-emitting amount of a light-emitting element is
controlled by regulating the duty ratio when light is emitted,
a contour that was not originally contained (e.g., a false
contour) in a video may be observed when the video is
displayed.

The above information disclosed in this Background
section is for enhancement of understanding of the back-
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ground of the inventive concept, and therefore, it may
contain information that does not constitute prior art.

SUMMARY

One or more aspects of example embodiments of the
inventive concept relate to technology for preventing or
substantially preventing the occurrence of a false contour.

One or more example embodiments of the inventive
concept are directed toward a display apparatus, a display
method, and a program for desirably compensating for the
amount of light emission of a light-emitting element accord-
ing to the amount of deterioration of the light-emitting
element for each pixel.

According to an embodiment of the inventive concept, a
display apparatus includes pixel circuits arranged in a
matrix, each of the pixel circuits includes: a light-emitting
element configured to emit light having a luminance based
on an amount of current; an optical sensor configured to
detect the luminance of the light emitted from the light-
emitting element; and a compensation control circuit includ-
ing a first capacitor and a second capacitor, the first and
second capacitors configured to maintain a second voltage
applied to the compensation control circuit, wherein a light
emission interval of the light-emitting element includes: a
first interval having a length during which the light-emitting
element is configured to constantly emit light having a
luminance based on a first voltage for controlling the lumi-
nance of the light-emitting element; a second interval; and a
third interval, and wherein the compensation control circuit
is configured to: control an amount of current supplied to the
light-emitting element according to a detection result of the
optical sensor and the second voltage maintained in the first
capacitor, during the second interval; and control an amount
of current supplied to the light-emitting element according
to a detection result of the optical sensor and the second
voltage maintained in the second capacitor, during the third
interval.

In an embodiment, the first capacitor may be configured
to maintain the second voltage applied during the second
interval, and the second capacitor may be configured to
maintain the second voltage applied during the third inter-
val.

In an embodiment, the compensation control circuit may
include a light emission control transistor configured to
control an amount of a source-drain current thereof based on
the second voltage maintained in at least one of the first
capacitor or the second capacitor and a gate voltage deter-
mined according to the detection result of the optical sensor.

In an embodiment, the optical sensor may include a first
optical sensor and a second optical sensor, the light emission
control transistor may include a first light emission control
transistor and a second light emission control transistor, one
terminal of the first optical sensor and one terminal of the
first capacitor may be connected to a gate terminal of the first
light emission control transistor, one terminal of the second
optical sensor and one terminal of the second capacitor may
be connected to a gate terminal of the second light emission
control transistor, the first light emission control transistor
may be configured to control an amount of a source-drain
current thereof based on the second voltage maintained in
the first capacitor and a gate voltage determined according
to a detection result of the first optical sensor, during the
second interval, and the second light emission control tran-
sistor may be configured to control an amount of a source-
drain current thereof based on the second voltage maintained
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in the second capacitor and a gate voltage determined
according to a detection result of the second optical sensor,
during the third interval.

In an embodiment, the display apparatus may further
include a switching element configured to switch between
the first capacitor and the second capacitor for maintaining
the second voltage, and the light emission control transistor
may be configured to control the amount of the source-drain
current thereof based on the second voltage maintained in
the first capacitor and the gate voltage determined according
to a detection result of the optical sensor, during the second
interval, and configured to control the amount of the source-
drain current thereof based on the second voltage maintained
in the second capacitor and the gate voltage determined
according to a detection result of the optical sensor, during
the third interval.

In an embodiment, the third interval may be before the
second interval during an interval of one frame, and a
capacitance of the first capacitor may be larger than that of
the second capacitor.

In an embodiment, each of the pixel circuits may further
include a driving transistor configured to control an amount
of a source-drain current thereof based on the first voltage
applied to a gate terminal of the driving transistor, and the
amount of current supplied to the light-emitting element
may be controlled based on the driving transistor and the
compensation control circuit.

In an embodiment, the driving transistor may be located
at a front stage of the compensation control circuit, and the
compensation control circuit may be configured to control
the amount of current supplied to the light-emitting element
based on current supplied through the driving transistor.

According to an embodiment of the inventive concept, a
method for displaying an image on a display apparatus
including pixel circuits arranged in a matrix is provided,
each of the pixel circuits including: a light-emitting element
configured to emit light having a luminance based on an
amount of current; an optical sensor configured to detect the
luminance of the light emitted from the light-emitting ele-
ment; and a compensation control circuit including a first
capacitor and a second capacitor, the first and second capaci-
tors configured to maintain a second voltage applied to the
compensation control circuit, wherein a light emission inter-
val of the light-emitting element includes: a first interval
having a length during which the light-emitting element is
configured to constantly emit light having a luminance based
on a first voltage for controlling the luminance of the
light-emitting element; a second interval; and a third inter-
val, the method including: controlling an amount of current
supplied to the light-emitting element based on a detection
result of the optical sensor and the second voltage main-
tained in the first capacitor, during the second interval; and
controlling the amount of current supplied to the light-
emitting element based on a detection result of the optical
sensor and the second voltage maintained in the second
capacitor, during the third interval.

According to an embodiment of the inventive concept, a
recording medium for storing a program including instruc-
tions for displaying an image on a display apparatus includ-
ing pixel circuits arranged in a matrix is provided, each of
the pixel circuits including: a light-emitting element config-
ured to emit light having a luminance based on an amount
of current; an optical sensor configured to detect the lumi-
nance of the light emitted from the light-emitting element;
and a compensation control circuit including a first capacitor
and a second capacitor, the first and second capacitors
configured to maintain a second voltage applied to the
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compensation control circuit, wherein a light emission inter-
val of the light-emitting element includes: a first interval
having a length during which the light-emitting element is
configured to constantly emit light having a luminance based
on a first voltage for controlling the luminance of the
light-emitting element; a second interval; and a third inter-
val, the instructions of the program cause the compensation
control circuit to: control an amount of current supplied to
the light-emitting element based on a detection result of the
optical sensor and the second voltage maintained in the first
capacitor, during the second interval; and control the amount
of current supplied to the light-emitting element based on a
detection result of the optical sensor and the second voltage
maintained in the second capacitor, during the third interval.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
further understanding of the inventive concept, and are
incorporated in and constitute a part of this specification.
The drawings illustrate exemplary embodiments of the
inventive concept, and together with the detailed descrip-
tion, explains aspects and features of the inventive concept.
In the drawings:

FIG. 1 is a diagram illustrating an exemplary configura-
tion of a display apparatus according to one or more embodi-
ments of the inventive concept;

FIG. 2 is a diagram illustrating an exemplary configura-
tion of a pixel circuit according to a first embodiment of the
inventive concept;

FIG. 3 is a schematic timing chart illustrating an exem-
plary driving timing of a pixel circuit according to the first
embodiment of the inventive concept;

FIG. 4 is a diagram illustrating an exemplary relationship
between a relative luminance and a post-compensation lumi-
nance deterioration ratio of a display apparatus according to
the first embodiment of the inventive concept;

FIG. 5 is a diagram illustrating an exemplary configura-
tion of a pixel circuit according to a second embodiment of
the inventive concept;

FIG. 6 is a diagram illustrating an exemplary driving
timing of a pixel circuit according to the second embodiment
of the inventive concept;

FIG. 7 is a schematic timing chart illustrating an exem-
plary driving timing of a pixel circuit according to the
second embodiment of the inventive concept;

FIG. 8 is a diagram illustrating an exemplary relationship
between a relative luminance and a post-compensation lumi-
nance deterioration ratio of a display apparatus according to,
the second embodiment of the inventive concept;

FIG. 9 is a diagram illustrating a result of a comparison
between a dual system configuration and a single system
configuration with respect to a post-compensation lumi-
nance deterioration ratio according to a relative luminance.

FIG. 10 is a diagram illustrating an exemplary driving
timing of a pixel circuit according to another example of the
second embodiment of the inventive concept;

FIG. 11 is a schematic timing chart illustrating an exem-
plary driving timing of a pixel circuit according to another
example of the second embodiment of the inventive concept;

FIG. 12 is a diagram illustrating an exemplary configu-
ration of a pixel circuit according to a third embodiment of
the inventive concept;

FIG. 13 is a diagram illustrating an exemplary driving
timing of a pixel circuit according to the third embodiment
of the inventive concept; and
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FIG. 14 is a schematic timing chart illustrating an exem-
plary driving timing of a pixel circuit according to another
example of the third embodiment of the inventive concept.

DETAILED DESCRIPTION

Exemplary embodiments of the inventive concept will be
described in more detail with reference to the accompanying
drawings. In the description and the drawings, elements that
have the same or substantially the same configuration are
referred to by the same reference numeral to avoid overlap-
ping descriptions.

1. First Embodiment

1.1. Configuration of Display Apparatus

An exemplary schematic configuration of a display appa-
ratus according to a first embodiment of the inventive
concept will be described with reference to FIG. 1. FIG. 1
is a diagram illustrating an exemplary configuration of a
display apparatus according to the first embodiment of the
inventive concept. In FIG. 1, a horizontal direction may be
referred to as a row direction (e.g., an X direction), and a
vertical direction may be referred to as a column direction
(e.g., a Y direction). As illustrated in FIG. 1, a display
apparatus 10 according to the first embodiment of the
inventive concept includes a display unit 100, a scan driver
120, and a data driver 130.

The display unit 100 includes a plurality of pixel circuits
110. The display unit 100 displays an image corresponding
to data signals on display pixels including the pixel circuits
110. In the display unit 100, a plurality of row scanning lines
112 and a plurality of compensation control signal lines 113
extend in the row direction (X direction). Furthermore, in
the display unit 100, a plurality of data lines 114 and a
plurality of compensation voltage signal lines 115 extend in
the column direction (Y direction). Hereinafter, it is assumed
that N (N is an integer greater than or equal to 2) number of
the row scanning lines 112, N number of the compensation
control signals lines 113, M (M is an integer greater than or
equal to 2) number of the column data lines 114, and M
number of the compensation voltage signal lines 115 are
arranged on the display unit 100.

The pixel circuits 110 are respectively arranged at loca-
tions corresponding to crossing regions of the scanning lines
112 extending in the row direction (X direction) and the data
lines 114 extending in the column direction (Y direction). A
more detailed configuration of the pixel circuit 110 will be
described later.

The display unit 100 is supplied with a first power supply
voltage Vdd, a second power supply voltage Vss, and a
reference voltage GND from an upper-level control circuit.
For example, the first and second power supply voltages
Vdd and Vss are signals for supplying current for enabling
a light-emitting element included in the pixel circuit 110 to
emit light.

The scanning lines 112 and the compensation control
signal lines 113 arranged along the Y direction are connected
to the scan driver 120. The scan driver 120 supplies a scan
signal Scan to each pixel circuit 110 corresponding to each
row through the scanning line 112 arranged for each row.
Furthermore, the scan driver 120 supplies a signal SW to
each pixel circuit 110 corresponding to each row through the
compensation control signal line 113 arranged for each row.
The scan signal Scan and the signal SW will be described in
more detail later.

15

30

40

45

50

6

The data lines 114 and the compensation voltage signal
lines 115 arranged along the X direction are connected to the
data driver 130. Through the data line 114 arranged for each
column, the data driver 130 may supply a DT signal (e.g., a
data signal or data voltage) according to a luminance of
emitted light (or on gradation) to each pixel circuit 110
corresponding to each column. Furthermore, through the
compensation voltage signal line 115 arranged for each
column, the data driver 130 applies an initial sensor voltage
Vso that is pre-adjusted to a potential (e.g., a predetermined
potential) to each pixel circuit 110 corresponding to each
column. The DT signal and the initial sensor voltage Vso
will be described in more detail later.

1.2. Configuration of Pixel Circuit

An exemplary configuration of a pixel circuit according to
the first embodiment of the inventive concept will be
described with reference to FIG. 2. FIG. 2 is a diagram
illustrating an exemplary configuration of a pixel circuit
according to the first embodiment of the inventive concept.

FIG. 2 illustrates an example of the pixel circuit 110
arranged at a location corresponding to a crossing region of
an ith row and a jth column among the pixel circuits 110
included in the display unit 100 illustrated in FIG. 1. Since
the other pixel circuits 110 may have the same or substan-
tially the same configuration as that of the pixel circuit 110
shown in FIG. 2, detailed descriptions of the other pixel
circuits 110 will be omitted.

As illustrated in FIG. 2, the pixel circuit 110 includes an
organic light-emitting diode OL, a retention capacitor C1, a
switching transistor M1, a driving transistor M2, an optical
sensor Ps, a sensor capacitor Cs, a light emission control
transistor M3, and a switching transistor M4.

The driving transistor M2 and the light emission control
transistor M3 may include, for example, P-channel metal-
oxide semiconductor field-effect transistors (MOSFETs).

As illustrated in FIG. 2, a drain terminal of the driving
transistor M2 is connected to a source terminal of the light
emission control transistor M3, and a source terminal of the
driving transistor M2 is connected to a signal line for
supplying the first power supply voltage Vdd. A drain
terminal of the light emission control transistor M3 is
connected to an anode of the organic light-emitting diode
OL. A cathode of the organic light-emitting diode OL is
connected to the second power supply voltage Vss (e.g., a
source of the second power supply voltage Vss).

A source terminal of the switching transistor M1 is
connected to the data line 114, and a drain terminal of the
switching transistor M1 is connected to a gate terminal of the
driving transistor M2. The switching transistor M1 is turned
on/off by the scan signal Scan transferred to a gate terminal
of the switching transistor M1 through the scanning line 112.

One terminal of the retention capacitor C1 is connected to
the gate terminal of the driving transistor M2, and the other
terminal of the retention capacitor C1 is connected to the
reference voltage GND. The retention capacitor C1 main-
tains or substantially maintains a potential of the driving
transistor M2.

That is, as the switching transistor M1 is turned on, the
DT signal according to the luminance of emitted light (or on
gradation) is transferred from the data driver 130 (see FIG.
1) to the gate terminal of the driving transistor M2 through
the data line 114. Thereafter, as the switching transistor M1
is turned off, the DT signal transferred through the data line
114 is maintained or substantially maintained in the reten-
tion capacitor C1.

A source terminal of the switching transistor M4 is
connected to the compensation voltage signal line 115, and
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a drain terminal of the switching transistor M4 is connected
to a gate terminal of the light emission control transistor M3.
The switching transistor M4 is turned on/off by the signal
SW transferred to a gate terminal of the switching transistor
M4 through the compensation control signal line 113.

The optical sensor Ps may include, for example, a pho-
todiode or a phototransistor. For example, polysilicon, amor-
phous silicon, and/or the like may be used as a material of
the optical sensor Ps. One terminal of the optical sensor Ps
is connected to the gate terminal of the light emission control
transistor M3, and the other terminal of the optical sensor Ps
is connected to the reference voltage GND. The optical
sensor Ps is arranged such that a part (or portion) of light
emitted from the organic light-emitting diode OL is irradi-
ated on the optical sensor Ps.

One terminal of the sensor capacitor Cs is connected to
the gate terminal of the light emission control transistor M3,
and the other terminal of the sensor capacitor Cs is con-
nected to the reference voltage GND. The sensor capacitor
Cs maintains or substantially maintains a potential Vg3 of
the gate terminal of the light emission control transistor M3.

Once the switching transistor M4 is turned on, the initial
sensor voltage Vso (Vso<0) that is pre-adjusted to a poten-
tial (e.g., a predetermined potential) is applied from the data
driver 130 (see FIG. 1) to the gate terminal of the light
emission control transistor M3 through the compensation
voltage signal line 115. The initial sensor voltage Vso may
correspond to an example of a “second voltage.” The initial
sensor voltage Vso may be set at a sufficiently low voltage,
so that the light emission control transistor M3 is operated
in a linear region.

Then, the light emission control transistor M3 is turned
on, and the driving transistor M2 is selectively turned on
according to the DT signal transferred from the data line 114
that is maintained or substantially maintained in the reten-
tion capacitor C1. Furthermore, a driving current Ic accord-
ing to the DT signal maintained or substantially maintained
in the retention capacitor C1 is supplied to the organic
light-emitting diode OL through the light emission control
transistor M3. A light emission state of the organic light-
emitting diode OL is controlled by the light emission control
transistor M3. Hereinafter, a current that flows between the
drain and the source of the light emission control transistor
M3 may be referred to as a current IL, in the case where the
current that flows between the drain and the source of the
light emission control transistor M3 is differentiated from
the driving current Ic.

Thereafter, once the switching transistor M4 is turned off,
the gate terminal of the light emission control transistor M3
is in a floating state. Accordingly, the initial sensor voltage
Vso applied through the compensation voltage signal line
115 is maintained or substantially maintained in the sensor
capacitor Cs. Furthermore, at this time, the light emission
control transistor M3 is turned on, and the current IL that
flows between the drain and the source of the light emission
control transistor M3 is equal to or substantially equal to the
driving current Ic.

Thereafter, the initial sensor voltage Vso that is main-
tained in the sensor capacitor Cs is discharged by a sensing
current Is, based on a detection result of the optical sensor
Ps. Due to the discharge, a gate voltage Vg3 of the light
emission control transistor M3 becomes higher than the
initial sensor voltage Vso. Furthermore, when the gate
voltage Vg3 reaches a threshold voltage Vth3 of the light
emission control transistor M3, the light emission control
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transistor M3 is turned off, and the current IL becomes equal
to or substantially equal to O (i.e., the organic light-emitting
diode OL is turned off).

A time taken for the light emission control transistor M3
to be turned off after the switching transistor M4 is turned off
is determined according to a relationship between the sens-
ing current Is and the sensor capacitor Cs. In more detail, as
the luminance of the organic light-emitting diode OL
becomes higher, an amount of the sensing current Is
increases, and a discharge time of the sensor capacitor Cs
becomes shorter. In other words, as the luminance of the
organic light-emitting diode OL becomes lower, the amount
of'the sensing current Is decreases, and the discharge time of
the sensor capacitor Cs becomes longer.

Therefore, for example, in the case where the luminance
of the organic light-emitting diode OL decreases due to
deterioration thereof, the amount of the sensing current Is
decreases, and the discharge time of the sensor capacitor Cs
becomes longer. Accordingly, after deterioration of the
organic light-emitting diode OL, a period of time during
which the light emission control transistor M3 is turned on
is longer than that before the deterioration, so that an
effective luminance of the organic light-emitting diode OL
increases, thereby compensating for the luminance deterio-
ration of the organic light-emitting diode OL.

An exemplary configuration of a pixel circuit according to
the first embodiment of the inventive concept has been
described with reference to FIG. 2.

1.3. Driving Timing

An exemplary driving timing of each element of the pixel
circuit 110 of FIG. 2 will be described with reference to FIG.
3. FIG. 3 is a schematic timing chart illustrating an exem-
plary driving timing of the pixel circuit 110 according to the
first embodiment of the inventive concept. The pixel circuit
110 located at a crossing region of the ith row and the jth
column is described below as an example. Since the other
pixel circuits 110 have the same or substantially the same
structure as the exemplary pixel circuit 110, detailed descrip-
tions of the other pixel circuits 110 are not provided.

In FIG. 3, a reference sign T, represents a light emission
interval for displaying an image by operating the organic
light-emitting diode OL to emit light during an interval of
one frame. For convenience, in the timing chart of FIG. 3,
the light emission interval T, of the organic light-emitting
diode OL is shown as the interval of one frame, and other
intervals for a control operation may not be shown. There-
fore, for example, a control interval and/or the like for
compensating for a change in a threshold value of a driving
transistor may be provided in addition to the light emission
interval T, during the interval of one frame.

As illustrated in FIG. 3, the light emission interval T, is
divided into a constant light emission interval T, and a
luminance deterioration compensating light emission inter-
val T,, so that the pixel circuit 110 according to the first
embodiment of the inventive concept is controlled according
to the intervals. The constant light emission interval T,
represents an interval during which the organic light-emit-
ting diode OL is enabled to constantly emit light on the basis
of'the driving current Ic. The driving current Ic is determined
by the DT signal based on the luminance of emitted light (or
on gradation). During the luminance deterioration compen-
sating light emission interval T,, the amount of the current
IL supplied to the organic light-emitting diode OL and an
interval during which the current IL is supplied are con-
trolled according to a detection result of the optical sensor
Ps, so that the luminance deterioration of the organic light-
emitting diode OL is compensated for. The constant light
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emission interval T, corresponds to an example of a “first
interval.” The luminance deterioration compensating light
emission interval T, corresponds to an example of a “second
interval.”

Hereinafter, each timing of FIG. 3 is described in more
detail below with reference to the configuration of the pixel
circuit 110 of FIG. 2.

As illustrated in FIG. 3, the switching transistor M1 of the
pixel circuit 110 is turned on by an L-level (e.g., a low level)
scan signal (e.g., Scan i) supplied through the scanning line
112 of the ith row. Accordingly, the DT signal based on the
luminance of emitted light (or on gradation) is transferred to
the gate terminal of the driving transistor M2 of the pixel
circuit 110 through the data line 114 of the jth column.
Furthermore, when the scan signal reaches an H-level (e.g.,
a high level), the switching transistor M1 is turned off, and
the DT signal (e.g., DT j) transferred through the data line
114 is maintained or substantially maintained in the reten-
tion capacitor C1. The DT signal maintained or substantially
maintained in the retention capacitor C1 corresponds to an
example of a “first voltage.”

As described above, the DT signal based on the luminance
of emitted light is maintained or substantially maintained in
the retention capacitor C1 in synchronization with the scan
signal. An interval during which the scan signal reaches the
L-level and the DT signal is maintained or substantially
maintained in the retention capacitor C1 (e.g., data is written
to the pixel circuit 110) may be equal to or substantially
equal to about 10 us. However, the interval during which the
DT signal is maintained or substantially maintained in the
retention capacitor C1 is not limited thereto, and the interval
may vary with the number of the pixel circuits 110 (e.g., a
pixel number) included in the display unit 100.

Furthermore, in synchronization with initiation (e.g., a
start) of supplying of the L-level scan signal, an L-level
(e.g., alow level) signal SW (e.g., SW i) starts to be supplied
through the compensation control signal line 113 of the ith
row, and the switching transistor M4 of the pixel circuit 110
is turned on. Then, the initial sensor voltage Vso (Vso<0)
that is pre-adjusted to a potential (e.g., a predetermined
potential) is applied as the gate voltage Vg3 to the gate
terminal of the light emission control transistor M3 of the
pixel circuit 110 through the compensation voltage signal
line 115 of the jth column.

Then, the light emission control transistor M3 is turned
on, and the driving transistor M2 is selectively turned on
according to the DT signal (e.g., DT j) transferred from the
data line 114 and maintained or substantially maintained in
the retention capacitor C1. Furthermore, the driving current
Ic based on the DT signal maintained or substantially
maintained in the retention capacitor C1 is supplied to the
organic light-emitting diode OL through the light emission
control transistor M3. Therefore, the organic light-emitting
diode OL emits light having a luminance corresponding to
the driving current Ic.

An interval during which the organic light-emitting diode
OL emits light having a luminance corresponding to the
driving current Ic corresponds to the constant light emission
interval T,. That is, the constant light emission interval T,
corresponds to an interval during which the switching tran-
sistor M4 is turned on by the L-level signal SW, and the light
emission control transistor M3 is driven on the basis of the
initial sensor voltage Vso.

Thereafter, when the signal SW reaches the H level, the
switching transistor M4 is turned off, and the initial sensor
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voltage Vso applied through the compensation voltage sig-
nal line 115 is maintained or substantially maintained in the
sensor capacitor Cs.

Thereafter, the initial sensor voltage Vso maintained or
substantially maintained in the sensor capacitor Cs is dis-
charged by the sensing current Is based on a detection result
of the optical sensor Ps. Due to the discharge, the gate
voltage Vg3 of the light emission control transistor M3
becomes higher than the initial sensor voltage Vso. Further-
more, when the gate voltage Vg3 reaches the threshold
voltage Vth3 of the light emission control transistor M3, the
light emission control transistor M3 is turned off, and the
current IL. becomes equal to or substantially equal to O (i.e.,
the organic light-emitting diode OL is turned off).

Moreover, the initial sensor voltage Vso maintained or
substantially maintained in the sensor capacitor Cs is dis-
charged by the sensing current Is based on a detection result
of the optical sensor Ps. Accordingly, an interval during
which the gate voltage Vg3 of the light emission control
transistor M3 is controlled corresponds to the luminance
deterioration compensating light emission interval T,. As
described above, a length of the luminance deterioration
compensating light emission interval T, corresponds to the
discharge time of the sensor capacitor Cs. In addition, the
length of the luminance deterioration compensating light
emission interval T, is determined according to a relation-
ship between the sensing current Is and the sensor capacitor
Cs.

As described above, in the example of FIG. 3, the pixel
circuit 110 is driven with a duty ratio of (T,+T,)/T,. As the
constant light emission interval T, is longer (e.g., as the
interval during which the signal SW is in the L level is
longer), the duty ratio is higher. Therefore, the constant light
emission interval T, may be set to be relatively long, so as
to prevent or substantially prevent the occurrence of a false
contour.

The above-described series of operations may be per-
formed by a program for operating a central processing unit
(CPU) for operating each element of the display apparatus
10. The program may be run by an operating system (OS)
installed in the apparatus. A storage location of the program
is not limited if it is readable by a device including an
element for performing the above-mentioned processing.
For example, the program may be stored in a recording
medium accessed from the outside of the apparatus. In this
case, the recording medium in which the program is stored
may be accessible by the apparatus, so that the CPU of the
apparatus may execute the program.

An exemplary driving timing of each element of the pixel
circuit 110 of FIG. 2 has been described with reference to
FIG. 3.

1.4. Principle of Compensation for Luminance Deterioration

With reference to the configuration of the pixel circuit 110
illustrated in FIG. 2, a principle of operation of the display
apparatus 10 for compensating for the luminance deteriora-
tion of the organic light-emitting diode OL will be described
with simple model equations.

Firstly, described below is a first model based on the
inference that a resistance Rs of the optical sensor Ps of the
pixel circuit 110 is inversely proportional to the luminance
of the organic light-emitting diode OL. In the case where the
current 1L, between the drain and the source of the light
emission control transistor M3 is equal to or substantially
equal to the driving current Ic, the luminance of the organic
light-emitting diode OL is proportional to the driving current
Ic. In the case where the current IL between the drain and the
source of the light emission control transistor M3 is equal to



US 9,451,677 B2

11

or substantially equal to O, the luminance of the organic
light-emitting diode OL is equal to or substantially equal to
0. A luminance deterioration ratio that represents a ratio of
post-deterioration luminance to pre-deterioration luminance
is referred to as a variable “a.” In this case, in a state in which
the organic light-emitting diode OL emits light, the resis-
tance Rs of the optical sensor Ps is expressed as Equation (1)
below, since the resistance Rs of the optical sensor Ps is
inversely proportional to a-Ic. In Equation (1), K,, is a
constant for determining a relationship between the resis-
tance Rs and a-Ic.

K 1
Rs = s 0

A relationship between the gate voltage Vg3 of the light
emission control transistor M3 and the resistance Rs of the
optical sensor Ps is expressed as Equation (2) below.

Isdt Veadt 2
v, = - Isdr Ve (2)
Cs RsCs
1 dVon = dr
Vs 87 T RsCs

Equation (3) below is derived through an integral of
Equation (2) over t in the interval from O to t, and an integral
of Equation (2) over Vg3 in the interval from Vso to Vg3.

V3=V, exp(~1/CsRs) 3)

Equation (4) below is derived by substituting Equation (1)
for Equation (3) and with t=T, and Vg3=Vth3. In Equation
(4), K2 is a constant for determining a relation between a-Ic,
the sensor capacitor C2, and a time T,.

CsKy
a-lc

(C)]
T, = RsCsIn(Vy, [ Viz) =

CsK s
In(Vso / Vs ) =
a-lc

(Ky = KpsIn(Vi, / Vi)

Next, described below is a second model based on the
inference that a value of the sensing current Is that flows
through the optical sensor Ps (hereinafter simply referred to
as a “current value Is,” in some cases) is proportional to the
luminance of the organic light-emitting diode OL. In the
case where the current IL between the drain and the source
of the light emission control transistor M3 is equal to or
substantially equal to the driving current Ic, the luminance
of the organic light-emitting diode OL is proportional to the
driving current Ic. In the case where the current IL between
the drain and the source of the light emission control
transistor M3 is equal to or substantially equal to 0, the
luminance of the organic light-emitting diode OL is equal to
or substantially equal to 0. In addition, in the case where the
luminance deterioration ratio is equal to “a,” while the
organic light-emitting diode OL emits light, the current
value Is of the optical sensor Ps is proportional to a‘Ic, so
that Equation (5) below is obtained.

Is=K, alc %)

A relationship between the gate voltage Vg3 of the light
emission control transistor M3 and the current value Is of the
optical sensor Ps is expressed as Equation (6) below.
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Isdr (6)

&

Equation (7) below is derived through an integral of
Equation (6) over t in the interval from O to t, and an integral
of Equation (6) over Vg3 in the interval from Vso to Vg3.

Is-t

Cs

M

Vs = Voo —

Equation (8) below is derived by substituting Equation (5)
for Equation (7) and with =T, and Vg3=Vth3.

Cs v v Cs v v CsK,
E( 5o — Vinz) = m( o= Viz) =
(Vo — VrhS))

K;

- ®)

a-lc

(k2=

As expressed in Equations (4) and (8), the time T, is
expressed as the same equation, even if the integer K2 is
differently defined with respect to the first and second
models. As a result, a luminance L is expressed as Equation
(9) below using a proportional coefficient K1 that represents
a proportional relationship between the luminance L. and the
driving current Ic.

(11 +T2) _

0

T
a-Kllc(— +
Ty

®

CsK,
L=a-Klc )

a-IcTy

Here, the duty ratio of (T,+T,)/T, described above with
reference to FIG. 3 does not exceed about 100%, and thus,
is expressed as a conditional expression of Equation (10)
below.

T
To

CSKZ
a-IcTy

T
L2
Ty

CSKZ

a-IeTy —

10

In the case where the luminance deterioration ratio is
equal to or substantially equal to 1 (e.g., no deterioration) on
the basis of Equation (9) representing the luminance L and
the conditional expression of Equation (10), a pre-deterio-
ration luminance Li of the organic light-emitting diode OL
(hereinafter referred to as an “initial luminance Li,” in some
cases) is expressed as Equation (11) below.

. T1 CSKZ
Li=K; Ic(— + )
To a- ICTO

an

Furthermore, in the case where the luminance deteriora-
tion ratio a<l, a post-deterioration luminance [.d of the
organic light-emitting diode OL is expressed as Equation
(12) below.

T 12
Ld:a-Kllc(—l+ 12

CsK, ]
Ty

a-lcTy

Here, on the basis of Equations (11) and (12), a luminance
deterioration ratio L.d/Li obtained after compensating for
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luminance deterioration is expressed as Equation (13)
below.

a-T;
Ty

a3

) CsKy\ /(Th
Ld/Li= ( + ) / (— +

ICTO To
Furthermore, under the conditions (e.g., predetermined
conditions) of the luminance deterioration ratio “a” and the
driving current Ic, in the case where the duty ratio obtained
after deterioration is about 100% (e.g., equal to or substan-
tially equal to 1), the post-compensation-luminance deterio-
ration ratio L.d/L.i may be construed as having a maximum
value. Here, a condition for the case where the post-dete-

rioration duty ratio is about 100% (e.g., equal to or substan-
tially equal to 1) is expressed as Equation (14) below.

CSKz)
ICTO

T, . CsKy (14)
To  a-leTy —
a-lcTy Ty
= 1-—
2T TG ( TO)

Furthermore, in the case where the maximum value of the
post-compensation luminance deterioration ratio Ld/Li is
equal to Ld/Li(max), Ld/Li(max) is expressed as Equation
(15) below.

M/Li(max):a/(a+(1_a)?) {15)
0

FIG. 4 illustrates an exemplary relationship between a
relative luminance and the post-compensation luminance
deterioration ratio L.d/Li, of the display apparatus 10 accord-
ing to the first embodiment of the inventive concept. In FIG.
4, the vertical axis represents the post-compensation lumi-
nance deterioration ratio Ld/Li. The horizontal axis repre-
sents the relative luminance. Herein, it is assumed that the
relative luminance represents a luminance that is normal-
ized, so that a full-white luminance (e.g., a maximum value
of a luminance) is equal to or substantially equal to about
100%.

It is assumed that the luminance deterioration ratio “a” of
the organic light-emitting diode OL is equal to or substan-
tially equal to about 0.95, and a ratio of the constant light
emission interval T, to the light emission interval T, during
one frame (e.g., a duty ratio of the constant light emission
interval T,) T /T, is equal to or substantially equal to about
0.5. Here, FIG. 4 illustrates an exemplary relationship
between the relative luminance and the post-compensation
luminance deterioration ratio L.d/Li in the case where Equa-
tion (14) above is satisfied at the driving current value Ic at
which the relative luminance is equal to or substantially
equal to about 10%.

In the example of FIG. 4, when the relative luminance is
equal to or substantially equal to about 10%, the post-
compensation luminance deterioration ratio Ld/Li becomes
a maximum value (Ld/Li=0.974) based on Equation (15)
above.

Referring to FIG. 4, it is shown that, when the relative
luminance is lower than a luminance at which the post-
compensation luminance deterioration ratio L.d/Li is maxi-
mized, the post-compensation luminance deterioration ratio
L.d/Li decreases rapidly as the relative luminance decreases,
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and converges to the luminance deterioration ratio “a” of
0.95 of the organic light-emitting diode OL. This is because
the initial luminance Li at which the duty ratio is not greater
than about 100% increases due to a decrease in the driving
current Ic, whereas the duty ratio is fixed to about 100% with
respect to the post-deterioration luminance I.d based on
Equation (10) above. Furthermore, regarding the relative
luminance that is lower than a luminance at which the duty
ratio is about 100% with respect to the initial luminance L4,
the post-compensation luminance deterioration ratio [.d/Li
is equal to or substantially equal to the luminance deterio-
ration ratio “a” of the organic light-emitting diode OL, and
thus, has a constant or substantially constant value of about
0.95.

On the other hand, when the relative luminance is higher
than the luminance at which the post-compensation lumi-
nance deterioration ratio Ld/Li is maximized, the post-
compensation luminance deterioration ratio [.d/Li decreases
slowly as the relative luminance increases. This is because
the luminance deterioration compensating light emission
interval T, decreases slowly from 1-T,/T,=0.5 towards O.

As described above, according to sensitivity characteris-
tics of the optical sensor Ps, and/or design parameters of the
optical sensor Ps (e.g., a sensor size, an amount of light
irradiated to a sensor, a capacitance value of the sensor
capacitor Cs, and/or the like) may be appropriately chosen
(e.g., determined) in consideration of a target luminance
deterioration ratio “a,” so as to set the luminance deterio-
ration compensating light emission interval T,. In general, it
may be desirable to allow compensation for luminance
deterioration in a wide luminance range. However, if the
relative luminance at which the post-compensation lumi-
nance deterioration ratio Ld/Li has a maximum value is
decreased, the post-compensation luminance deterioration
ratio L.d/Li tends to decrease with respect to a high lumi-
nance. Therefore, it may be desirable to set a luminance at
which the post-compensation luminance deterioration ratio
L.d/Li has a maximum value within a range from about 10%
to about 20%.

Furthermore, as described above, the optical sensor Ps
may include, for example, a photodiode or a phototransistor.
In general, a photodiode tends to have characteristics close
to those of the second model. A phototransistor tends to have
intermediate characteristics between those of the first model
and those of the second model.

In the above description, a P-channel transistor is exem-
plarily used as each transistor of the pixel circuit 110 of FIG.
2, but the present invention is not limited thereto. For
example, an N-channel transistor may be used as each
transistor of the pixel circuit 110 of FIG. 2. In this case,
relationships among signals in terms of potential may be
modified, as appropriate, according to characteristics of each
transistor.

A principle of operation of the display apparatus 10 for
compensating for the luminance deterioration of the organic
light-emitting diode OL has been described based on simple
model equations with reference to FIGS. 2 and 4.

1.5. Summary

As described above, the light emission interval T, of one
frame is divided into the constant light emission interval T,
and the luminance deterioration compensating light emis-
sion interval T,, so that the display apparatus 10 according
to the first embodiment of the inventive concept is controlled
according to the intervals. Based on this configuration, the
display apparatus 10 controls the luminance of the organic
light-emitting diode OL according to the luminance of
emitted light (or on gradation) during the constant light
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emission interval T,. Furthermore, the display apparatus 10
controls the length of the luminance deterioration compen-
sating light emission interval T, following the constant light
emission interval T,, so as to compensate for the amount of
light emitted from the organic light-emitting diode OL
according to the amount of luminance deterioration of the
organic light-emitting diode OL (e.g., compensate for the
luminance deterioration).

Thus, the display apparatus 10 according to the first
embodiment of the inventive concept is able to individually
control the compensation for the luminance deterioration of
the organic light-emitting diode OL and the luminance of the
organic light-emitting diode OL according to the luminance
of emitted light (or on gradation). That is, according to the
display apparatus 10 according to the first embodiment of
the inventive concept, the luminance of the organic light-
emitting diode OL may be set, and a light emission amount
may be compensated according to the amount of luminance
deterioration of the organic light-emitting diode OL. Fur-
thermore, according to the display apparatus 10 of the first
embodiment of the inventive concept, the length of the
constant light emission interval T, may be appropriately
changed. Therefore, according to the display apparatus 10 of
the first embodiment of the inventive concept, the length of
the constant light emission interval T, may be appropriately
set according to an operation type of the display apparatus
10, so that the occurrence of a false contour may be avoided
or reduced.

Moreover, according to the display apparatus 10 of the
first embodiment of the inventive concept, design param-
eters of the optical sensor Ps (e.g., a sensor size, an amount
of light irradiated to a sensor, a capacitance value of the
sensor capacitor Cs, and/or the like) may be appropriately
chosen (e.g., determined) according to sensitivity character-
istics of the optical sensor Ps, so as to appropriately adjust
the luminance deterioration compensating light emission
interval T, according to a target luminance deterioration
ratio “a.” That is, according to the display apparatus 10 of
the first embodiment of the inventive concept, the luminance
deterioration compensating light emission interval T, may
be appropriately set according to an operation type of the
display apparatus 10.

Second Embodiment

A display apparatus according to a second embodiment of
the inventive concept will be described. The display appa-
ratus according to the present embodiment of the inventive
concept is different from the display apparatus according to
the first embodiment of the inventive concept with respect to
the configuration or the driving timing of the pixel circuit
110. Therefore, the configuration or the driving timing of the
pixel circuit 110 of the display apparatus according to the
present embodiment of the inventive concept will be par-
ticularly described in more detail, and detailed descriptions
of other elements are not provided.

2.1. Configuration of Pixel Circuit

An exemplary configuration of a pixel circuit according to
another embodiment of the inventive concept will described
with reference to FIG. 5. FIG. 5 is a diagram illustrating an
exemplary configuration of a pixel circuit according to a
second embodiment of the inventive concept.

FIG. 5 illustrates an example of the pixel circuit 110
arranged at a crossing region of the ith row and the jth
column among the pixel circuits 110 included in the display
unit 100 illustrated in FIG. 1. Since the other pixel circuits
110 may have the same or substantially the same configu-
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ration as that of the pixel circuit 110 of FIG. 5, detailed
descriptions of the other pixel circuits 110 are not provided.

As illustrated in FIG. 5, compared to the pixel circuit 110
(see FIG. 2) according to the first embodiment of the
inventive concept, the pixel circuit 110 according to the
second embodiment of the inventive concept includes a
dual-system circuit for compensating for luminance deterio-
ration, the circuit including optical sensors Ps1 and Ps2,
sensor capacitors Cs1 and Cs2, light emission control tran-
sistors M3 and M5, and switching transistors M4 and M6.

That is, the pixel circuit 110 according to the second
embodiment of the inventive concept includes an organic
light-emitting diode OL, a retention capacitor C1, a switch-
ing transistor M1, a driving transistor M2, the optical
sensors Ps1 and Ps2, the sensor capacitors Cs1 and Cs2, the
light emission control transistors M3 and M5, and the
switching transistors M4 and M6.

The driving transistor M2 and the light emission control
transistors M3 and M5 may include, for example, P-channel
MOSFETs.

The source terminal of the driving transistor M2 is
connected to a signal line for supplying the first power
supply voltage Vdd, and the drain terminal of the driving
transistor M2 is connected to the source terminals of the
light emission control transistors M3 and MS5. The drain
terminals of the light emission control transistors M3 and
MS are connected to the anode of the organic light-emitting
diode OL. The cathode of the organic light-emitting diode
OL is connected to the second power supply voltage Vss
(e.g., a source of the second power supply voltage Vss). That
is, the light emission control transistors M3 and M5 are
connected in parallel between the driving transistor M2 and
the organic light-emitting diode OL.

The driving transistor M2, the retention capacitor C1, and
the switching transistor M1 respectively correspond to the
driving transistor M2, the retention capacitor C1, and the
switching transistor M1 of the pixel circuit 110 according to
the first embodiment of the inventive concept (see FIG. 2).
Since a connection relationship among the driving transistor
M2, the retention capacitor C1, and the switching transistor
M1 is the same or substantially the same as that of the pixel
circuit 110 according to the first embodiment of the inven-
tive concept, a detailed description of the connection rela-
tionship is not repeated.

In the display apparatus 10 according to the second
embodiment of the inventive concept, signals SW1 and SW2
that correspond to the signal SW of the first embodiment of
the inventive concept may be individually supplied to the
pixel circuit 110. A first compensation control signal line
113a of FIG. 5 is a signal line for supplying the signal SW1
to the pixel circuit 110. A second compensation control
signal line 1135 is a signal line for supplying the signal SW2
to the pixel circuit 110. Furthermore, like the signal SW of
the first embodiment of the inventive concept, the signals
SW1 and SW2 may be supplied to each pixel circuit 110 by
the scan driver 120.

The source terminal of the switching transistor M4 is
connected to a compensation voltage signal line 115, and the
drain terminal of the switching transistor M4 is connected to
the gate terminal of the light emission control transistor M3.
The switching transistor M4 is turned on/off by the signal
SWI1 that is transferred to the gate terminal of the switching
transistor M4 through the compensation control signal line
113a.

The source terminal of the switching transistor M6 is
connected to the compensation voltage signal line 115, and
the drain terminal of the switching transistor M6 is con-
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nected to the gate terminal of the light emission control
transistor M5. The switching transistor M6 is turned on/off
by the signal SW2 that is transferred to the gate terminal of
the switching transistor M6 through the compensation con-
trol signal line 11354.

The optical sensors Psl and Ps2 may include, for
example, a photodiode and/or a phototransistor. For
example, polysilicon, amorphous silicon, and/or the like
may be used as a material of the optical sensors Ps1 and Ps2.

One terminal of the first optical sensor Psl is connected
to the gate terminal of the light emission control transistor
M3, and the other terminal of the first optical sensor Psl is
connected to the reference voltage GND (e.g., a source of
the reference voltage GND). The first optical sensor Psl1 is
configured to receive a part of light from the organic
light-emitting diode OL that is irradiated on the first optical
sensor Psl1.

One terminal of the second optical sensor Ps2 is con-
nected to the gate terminal of the light emission control
transistor M5, and the other terminal of the second optical
sensor Ps2 is connected to the reference voltage GND. The
second optical sensor Ps2 is configured to receive a part of
light from the organic light-emitting diode OL that is irra-
diated on the second optical sensor Ps2.

One terminal of a first sensor capacitor Cs1 is connected
to the gate terminal of the first light emission control
transistor M3, and the other terminal of the first sensor
capacitor Cs1 is connected to the reference voltage GND.
The first sensor capacitor Cs1 maintains or substantially
maintains a potential Vg3 of the gate terminal of the first
light emission control transistor M3. The first sensor capaci-
tor Cs1 corresponds to an example of a “first capacitor.”

One terminal of a second sensor capacitor Cs2 is con-
nected to the gate terminal of the second light emission
control transistor M5, and the other terminal of the second
sensor capacitor Cs2 is connected to the reference voltage
GND. The second sensor capacitor Cs2 maintains or sub-
stantially maintains a potential Vg5 of the gate terminal of
the second light emission control transistor M5. The second
sensor capacitor Cs2 corresponds to an example of a “sec-
ond capacitor.”

As described above, the pixel circuit 110 according to the
second embodiment of the inventive concept includes, as a
control circuit for compensating for luminance deterioration,
a system including the first optical sensor Psl, the first
sensor capacitor Csl, the first light emission control tran-
sistor M3, and the first switching transistor M4, and a system
including the second optical sensor Ps2, the second sensor
capacitor Cs2, the second light emission control transistor
MS, and the second switching transistor M6. That is, the
pixel circuit 110 includes a dual system as the control circuit
for compensating for luminance deterioration. Operation of
each system is the same or substantially the same as that of
the control circuit of the pixel circuit 110 (see FIG. 2)
according to the first embodiment of the inventive concept,
which includes the optical sensor Ps, the sensor capacitor
Cs, the light emission control transistor M3, and the switch-
ing transistor M4.

Once the first switching transistor M4 is turned on, the
initial sensor voltage Vso (Vso<0) that is pre-adjusted to a
potential (e.g., a predetermined potential) is applied from the
data driver 130 to the gate terminal of the light emission
control transistor M3 through the compensation voltage
signal line 115. As described above with respect to the first
embodiment of the inventive concept, the initial sensor
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voltage Vso may be set at a sufficiently low voltage so that
the light emission control transistor M3 is operated in a
linear region.

Accordingly, the first light emission control transistor M3
is turned on, and the driving transistor M2 is selectively
turned on according to the DT signal transferred from the
data line 114 and maintained or substantially maintained in
the retention capacitor C1. Furthermore, the driving current
Ic based on the DT signal maintained or substantially
maintained in the retention capacitor C1 is supplied to the
organic light-emitting diode OL through the first light emis-
sion control transistor M3. A light emission state of the
organic light-emitting diode OL is controlled by the driving
current Ic based on the DT signal.

Thereafter, once the first switching transistor M4 is turned
off, the gate terminal of the first light emission control
transistor M3 is floated. Accordingly, the initial sensor
voltage Vso applied through the compensation voltage sig-
nal line 115 is maintained or substantially maintained in the
sensor capacitor Cs1. At this time, the first light emission
control transistor M3 is turned on, and the current IL that
flows between the drain and the source of the first light
emission control transistor M3 is equal to or substantially
equal to the driving current Ic.

Thereafter, the initial sensor voltage Vso maintained or
substantially maintained in the sensor capacitor Csl is
discharged by a sensing current Is1 based on a detection
result of the first optical sensor Ps1. Due to the discharge, the
gate voltage Vg3 of the first light emission control transistor
M3 becomes higher than the initial sensor voltage Vso.
Furthermore, when the gate voltage Vg3 reaches a threshold
voltage Vth3 of the first light emission control transistor M3,
the first light emission control transistor M3 is turned off,
and the current IL. becomes equal to or substantially equal to
0 (e.g., the organic light-emitting diode OL is turned off).

Once the second switching transistor M6 is turned on, the
initial sensor voltage Vso (Vso<0) that is pre-adjusted to a
potential (e.g., a predetermined potential) is applied from the
data driver 130 to the gate terminal of the second light
emission control transistor M5 through the compensation
voltage signal line 115. In this case, the initial sensor voltage
Vso may be set at a sufficiently low voltage so that the
second light emission control transistor M5 is operated in a
linear region.

Accordingly, the second light emission control transistor
MS is turned on, and the driving transistor M2 is selectively
turned on according to the DT signal that is transferred from
the data line 114 and maintained or substantially maintained
in the retention capacitor C1. Furthermore, the driving
current Ic based on the DT signal maintained or substantially
maintained in the retention capacitor C1 is supplied to the
organic light-emitting diode OL through the light emission
control transistor M5, and a light emission state of the
organic light-emitting diode OL is controlled.

Thereafter, once the second switching transistor M6 is
turned off, the gate terminal of the second light emission
control transistor M5 is floated. Accordingly, the initial
sensor voltage Vso applied through the compensation volt-
age signal line 115 is maintained or substantially maintained
in the second sensor capacitor Cs2. At this time, the second
light emission control transistor M5 is turned on, and the
current IL that flows between the drain and the source of the
second light emission control transistor M5 is equal to or
substantially equal to the driving current Ic.

Thereafter, the initial sensor voltage Vso that is main-
tained or substantially maintained in the second sensor
capacitor Cs2 is discharged by a sensing current Is2 based on
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a detection result of the second optical sensor Ps2. Due to the
discharge, the gate voltage Vg5 of the second light emission
control transistor M5 becomes higher than the initial sensor
voltage Vso. Furthermore, when the gate voltage Vg5
reaches a threshold voltage Vth5 of the light emission
control transistor M5, the light emission control transistor
M5 is turned off. At this time, the current IL that flows
between the drain and the source of the light emission
control transistor M5 becomes equal to or substantially
equal to O (e.g., the organic light-emitting diode OL is turned
off).

Here, a time taken for the first light emission control
transistor M3 to be turned off after the first switching
transistor M4 is turned off is determined according to a
relationship between the sensing current Isl and the first
sensor capacitor Csl. A time taken for the second light
emission control transistor M5 to be turned off after the
second switching transistor M6 is turned off is determined
according to a relationship between the sensing current Is2
and the second sensor capacitor Cs2. In more detail, as the
luminance of the organic light-emitting diode OL becomes
higher, a current amount of each of the sensing currents Is1
and Is2 increases, and a discharge time of each of the sensor
capacitors Cs1 and Cs2 becomes shorter. In other words, as
the luminance of the organic light-emitting diode OL
becomes lower, the current amount of each of the sensing
currents Is1 and Is2 decreases, and the discharge time of
each of the sensor capacitors Cs1 and Cs2 becomes longer.

Therefore, in the case where the luminance of the organic
light-emitting diode OL decreases due to deterioration
thereof, the current amount of each of the sensing currents
Is1 and Is2 decreases, and the discharge time of each of the
sensor capacitors Cs1 and Cs2 becomes longer. Accordingly,
after deterioration of the organic light-emitting diode OL, a
period of time during which the light emission control
transistors M3 and/or M5 are turned on is longer than before
the deterioration. As a result, an effective luminance of the
organic light-emitting diode OL increases, and the lumi-
nance deterioration of the organic light-emitting diode OL is
compensated for.

A time taken for discharging each of the sensor capacitors
Cs1 and Cs2 varies with capacitance values thereof. There-
fore, elements having different capacitance values may be
used as the sensor capacitors Cs1 and Cs2. Accordingly, a
characteristic obtained when the luminance deterioration of
the organic light-emitting diode OL is able to be changed
through control based on discharge of the first sensor capaci-
tor Cs1 and discharge of the second sensor capacitor Cs2.

In the above description, a P-channel transistor is exem-
plarily used as each of the transistors of the pixel circuit 110
of FIG. 5, but the inventive concept is not limited thereto.
For example, an N-channel transistor may be used as each
of the transistors of the pixel circuit 110 of FIG. 5. In this
case, relationships among signals in terms of potential may
be modified, as appropriate, according to the characteristics
of each transistor.

An exemplary configuration of a pixel circuit according to
the second embodiment of the inventive concept has been
described with reference to FIG. 5.

2.2. Driving Timing

An exemplary driving timing of each element of the pixel
circuit 110 of FIG. 5 will be described with reference to FIG.
6. FIG. 6 is a diagram illustrating an exemplary driving
timing of the pixel circuit 110 according to the second
embodiment of the inventive concept. The pixel circuit 110
located at a crossing region of the ith row and the jth column
is described below as an example. Since the other pixel
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circuits 110 have the same or substantially the same struc-
ture as that of the exemplary pixel circuit 110, detailed
descriptions of the other pixel circuits 110 are not provided.

In FIG. 6, a reference sign T, represents a light emission
interval for displaying an image by operating the organic
light-emitting diode OL to emit light during an interval of
one frame. For convenience, in the timing chart of FIG. 6,
the light emission interval T, of the organic light-emitting
diode OL is shown as the interval of one frame, and other
intervals for a control operation may not be shown. There-
fore, a control interval and/or the like for compensating for
a change in a threshold value of a driving transistor may be
provided in addition to the light emission interval T, during
the interval of one frame.

As illustrated in FIG. 6, the light emission interval T, is
divided into constant light emission intervals T, and T,,,
and luminance deterioration compensating light emission
intervals T,, and T,,, so that the pixel circuit 110 according
to the second embodiment of the inventive concept is
controlled according to the intervals. Reference signs T,,,,
and T,,,, represent maximum values of the luminance dete-
rioration compensating light emission intervals T,, and T,,,
respectively. The constant light emission intervals T, and
T,, represent intervals during which the organic light-emit-
ting diode OL is enabled to constantly emit light on the basis
of'the driving current Ic. The driving current Ic is determined
according to the DT signal based on the luminance of
emitted light (or on gradation).

During the luminance deterioration compensating light
emission interval T,,, the amount of the current IL supplied
to the organic light-emitting diode OL and an interval during
which the current IL is supplied are controlled according to
a detection result of the first optical sensor Psl, so that the
luminance deterioration of the organic light-emitting diode
OL is compensated for. In more detail, a length of the
luminance deterioration compensating light emission inter-
val 1,, is changed according to a discharge time of the first
sensor capacitor Cs1 (in other words, the sensing current Is1
based on a detection result of the first optical sensor Ps1).
The length of the luminance deterioration compensating
light emission interval T,, tends to be shorter as the lumi-
nance of the organic light-emitting diode OL is higher (e.g.,
as the driving current Ic increases).

During the luminance deterioration compensating light
emission interval T,,, the amount of the current IL supplied
to the organic light-emitting diode OL and an interval during
which the current IL is supplied are controlled according to
a detection result of the second optical sensor Ps2, so that the
luminance deterioration of the organic light-emitting diode
OL is compensated for. That is, a length of the luminance
deterioration compensating light emission interval T,, is
changed according to a discharge time of the second sensor
capacitor Cs2 (in other words, the sensing current Is2 based
on a detection result of the second optical sensor Ps2). The
length of the luminance deterioration compensating light
emission interval T,, tends to be shorter as the luminance of
the organic light-emitting diode OL is higher (e.g., as the
driving current Ic increases).

Furthermore, in FIG. 6, reference signs P11, P13, P14,
and P17 represent an exemplary relationship between the
constant light emission intervals T, and T, and the lumi-
nance deterioration compensating light emission intervals
T,, and T,, according to the driving current Ic (e.g., accord-
ing to the luminance of the organic light-emitting diode OL).

An exemplary driving timing of each element of the pixel
circuit 110 according to the second embodiment of the
inventive concept will be described with reference to FIGS.
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5 to 7. FIG. 7 is a schematic timing chart illustrating an
exemplary driving timing of the pixel circuit 110 according
to the second embodiment of the inventive concept.

FIG. 7 illustrates an exemplary relationship between the
signals SW1 and SW2 and time-series changes in the gate
voltages Vg3 and Vg5 of the light emission control transis-
tors M3 and M5 in the case indicated by the reference sign
P15 of FIG. 6. The scan signal, the DT signal, and the initial
sensor voltage Vso are the same or substantially the same as
those of the first embodiment of the inventive concept (see
FIG. 3), and thus, are not illustrated in FIG. 7. In FIG. 7, it
is assumed that the capacitance value of the first sensor
capacitor Csl is larger than that of the second sensor
capacitor Cs2.

As illustrated in FIG. 7, the signal SW1 is at an L level
(e.g., a low level) during an interval T,, during the light
emission interval T,. That is, the first switching transistor
M4 is turned on during the interval T,; on the basis of the
signal SW1. The signal SW2 is at an L level (e.g., a low
level) during an interval T,, during the light emission
interval T,. That is, the second switching transistor M6 is
turned on during the interval T, on the basis of the signal
SW2.

In more detail, as illustrated in FIG. 7, the L-level signal
SW2 is supplied through the compensation control signal
line 11356 of the ith row during the interval T,,, and the
second switching transistor M6 of the pixel circuit 110 is
turned on. Accordingly, the initial sensor voltage Vso
(Vs0<0) that is pre-adjusted to a potential (e.g., a predeter-
mined potential) is applied as the gate voltage Vg3 to the
gate terminal of the second light emission control transistor
M5 of the pixel circuit 110 through the compensation
voltage signal line 115 of the jth column.

Therefore, the second light emission control transistor M5
is turned on, and the driving transistor M2 is selectively
turned on according to the DT signal (e.g., DTj) that is
transferred from the data line 114 and maintained or sub-
stantially maintained in the retention capacitor C1. Further-
more, the driving current Ic based on the DT signal main-
tained or substantially maintained in the retention capacitor
C1 is supplied to the organic light-emitting diode OL
through the second light emission control transistor M5.
Accordingly, the organic light-emitting diode OL emits light
with a luminance according to the driving current Ic.

Furthermore, as the L-level signal SW2 is supplied, the
second switching transistor M6 is turned on. An interval
during which the second light emission control transistor M5
is driven on the basis of the initial sensor voltage Vso (e.g.,
an interval during which the organic light-emitting diode OL
emits light with a luminance according to the driving current
Ic) corresponds to the constant light emission interval T ,.

Thereafter, when the signal SW2 becomes an H-level
(e.g., a high level), the second switching transistor M6 is
turned off. Furthermore, the initial sensor voltage Vso
applied through the compensation voltage signal line 115 is
maintained or substantially maintained in the second sensor
capacitor Cs2.

Thereafter, the initial sensor voltage Vso maintained or
substantially maintained in the second sensor capacitor Cs2
is discharged by the sensing current Is2 based on a detection
result of the second optical sensor Ps2. Due to the discharge,
the gate voltage Vg5 of the second light emission control
transistor M5 becomes higher than the initial sensor voltage
Vso. Furthermore, when the gate voltage Vg5 reaches the
threshold voltage Vth5 of the second light emission control
transistor M5, the light emission control transistor M5 is
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turned off, and the current IL. becomes equal to or substan-
tially equal to O (e.g., the organic light-emitting diode OL is
turned off).

Due to the discharge of the second sensor capacitor Cs2
by the sensing current Is2, the gate voltage Vg5 starts to
increase. A time taken for the gate voltage Vg5 to reach the
threshold voltage Vth5 corresponds to the luminance dete-
rioration compensating light emission interval T,,. As
described above, the length of the luminance deterioration
compensating light emission interval T,, corresponds to the
discharge time of the second sensor capacitor Cs2, which is
determined according to a relationship between the sensing
current Is2 and the second sensor capacitor Cs2.

Thereafter, during the interval T, the L-level signal SW1
is supplied through the compensation control signal line
1134 of the ith row, and the first switching transistor M4 of
the pixel circuit 110 is turned on. Therefore, the initial sensor
voltage Vso (Vso<0) that is pre-adjusted to a potential (e.g.,
a predetermined potential) is applied as the gate voltage Vg3
to the gate terminal of the first light emission control
transistor M3 of the pixel circuit 110 through the compen-
sation voltage signal line 115 of the jth column.

Accordingly, the first light emission control transistor M3
is turned on, and the driving transistor M2 is selectively
turned on according to the DT signal maintained or substan-
tially maintained in the retention capacitor C1. Furthermore,
the driving current Ic based on the DT signal maintained or
substantially maintained in the retention capacitor C1 is
supplied to the organic light-emitting diode OL through the
light emission control transistor M3. Therefore, the organic
light-emitting diode OL emits light with a luminance accord-
ing to the driving current Ic.

Furthermore, as the L-level signal SW1 is supplied, the
first switching transistor M4 is turned on. An interval during
which the first light emission control transistor M3 is driven
on the basis of the initial sensor voltage Vso (e.g., an interval
during which the organic light-emitting diode OL emits light
with a luminance according to the driving current Ic) cor-
responds to the constant light emission interval T;.

Thereafter, when the signal SW1 reaches an H level (e.g.,
a high level), the first switching transistor M4 is turned off,
and the initial sensor voltage Vso applied through the
compensation voltage signal line 115 is maintained or sub-
stantially maintained in the first sensor capacitor Cs1.

Thereafter, the initial sensor voltage Vso maintained or
substantially maintained in the first sensor capacitor Cs1 is
discharged by the sensing current Is1 based on a detection
result of the first optical sensor Ps1. Due to the discharge, the
gate voltage Vg3 of the first light emission control transistor
M3 becomes higher than the initial sensor voltage Vso.
Furthermore, when the gate voltage Vg3 reaches the thresh-
old voltage Vth3 of the first light emission control transistor
M3, the first light emission control transistor M3 is turned
off, and the current IL. becomes equal to or substantially
equal to 0 (e.g., the organic light-emitting diode OL is turned
off).

Due to the discharge of the first sensor capacitor Cs1 by
the sensing current Isl, the gate voltage Vg3 starts to
increase. A time taken for the gate voltage Vg3 to reach the
threshold voltage Vth3 corresponds to the luminance dete-
rioration compensating light emission interval T,,. As
described above, the length of the luminance deterioration
compensating light emission interval T,, corresponds to the
discharge time of the first sensor capacitor Csl. The length
of the luminance deterioration compensating light emission
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interval T,, is determined according to a relationship
between the sensing current Is1 and the first sensor capacitor
Csl.

As described above, in the example of FIG. 7, the pixel
circuit 110 is driven with a duty ratio of (T, +T,,+T,,+
T,,)/T,. As the constant light emission interval T;; or T, is
longer (e.g., as an interval during which the signal SW1 or
SW2 is at an L level is longer), the duty ratio is higher.
Therefore, the constant light emission intervals T,, and T,
may be set to be relatively long so as to prevent or reduce
the occurrence of a false contour.

An exemplary driving timing of each element of the pixel
circuit 110 of FIG. 5 has been described with reference to
FIGS. 6 and 7.

2.3. Principle of Compensation for Luminance Deterioration

A principle of operation of the display apparatus 10
according to the second embodiment of the inventive con-
cept for compensating for the luminance deterioration of the
organic light-emitting diode OL will be described with
reference to the circuit configuration of the pixel circuit 110
of FIG. 5.

Equations (11) to (13) of the first embodiment of the
inventive concept are expressed as Equations (16) to (19b)
below.

T1 C51K1 CSszz (16)
Li=KId = +
=5 C(To 1T, I, )
Ty CsiKp  Cs,Kpp (17
Ld=a-Kld—+
é lC(To a-1cT, a-lcTo]
Cs1 Kry Cs1 K (18a)
7 Toim — =T2im
¢
C51 K21 C51K21 (18b)
>Tm > ——— =Tam
a-lc a-lc
Csp Ko CsyKp» (19a)
——>Tom > ——— =Tun
Ic Ic
Cs2Kzn Cs2Kn (19b)
>Topm = = Toom
a-lc a-lc

In Equations (16) to (19b), a coeflicient K, represents a
constant for determining a relationship between the lumi-
nance deterioration ratio “a,” the driving current Ic, the first
capacitor Cs1, and the luminance deterioration compensat-
ing light emission interval T,,. A coefficient K,, represents
a constant for determining a relationship between the lumi-
nance deterioration ratio “a,” the driving current Ic, the
second capacitor Cs2, and the luminance deterioration com-
pensating light emission interval T,,.

For each of the luminance deterioration compensating
light emission intervals T,, and T,,, a condition for maxi-
mizing a post-deterioration luminance deterioration ratio
(e.g., a luminance deterioration compensation ratio) is
expressed as Equations (20) and (21) below.
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FIG. 8 illustrates an exemplary relationship between a
relative luminance and the post-compensation luminance
deterioration ratio .d/Li of the display apparatus 10 accord-
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ing to the second embodiment of the inventive concept. In
FIG. 8, the vertical axis represents the post-compensation
luminance deterioration ratio Ld/Li. The horizontal axis
represents the relative luminance.

With reference to the example of FIG. 8, it is assumed that
the luminance deterioration ratio “a” of the organic light-
emitting diode OL is equal to or substantially equal to about
0.95, a ratio of the constant light emission interval T, and/or
T,, to the light emission interval T, during one frame is
equal to or substantially equal to T,,/T,=T,,/T,=0.25, and a
ratio of the maximum value T,,,, and/or T,,,, of the lumi-
nance deterioration compensating light emission interval to
the light emission interval T, is equal to or substantially
equal to T,,,/T,=T,,,/T,=0.25. FIG. 8 illustrates a rela-
tionship between the relative luminance and the post-com-
pensation luminance deterioration ratio L.d/Li in the case
where Equation (20) is satisfied at the driving current value
Ic at which the relative luminance is equal to or substantially
equal to about 10%. Furthermore, FIG. 8 illustrates a rela-
tionship between the relative luminance and the post-com-
pensation luminance deterioration ratio L.d/Li in the case
where Equation (21) is satisfied at the driving current value
Ic at which the relative luminance is equal to or substantially
equal to about 3%.

In the example of FIG. 8, the performance of the first
optical sensor Ps1 is the same or substantially the same as
that of the second optical sensor Ps2, and coefficients K,
and K, have a relationship such that K, ,=K,,. Furthermore,
the capacitance value of the sensor capacitor Csl1 is larger
than that of the second capacitor Cs2 (i.e., Cs1>Cs2). The
driving current Ic obtained when the relative luminance is
about 10% is larger than that obtained when the relative
luminance is about 3%.

Referring to FIG. 4, it may be understood that, according
to the display apparatus 10 according to the first embodi-
ment of the inventive concept, during the interval during
which the relative luminance is less than about 10%, the
post-compensation luminance deterioration ratio L.d/Li rap-
idly decreases as the relative luminance decreases, and
immediately converges to the luminance deterioration ratio
“a” of 0.95 of the organic light-emitting diode OL. As
illustrated in FIG. 8, according to the display apparatus 10
according to the second embodiment of the inventive con-
cept, during the interval during which the relative luminance
is less than about 10%, the post-compensation luminance
deterioration ratio L.d/Li is maintained or substantially main-
tained at a higher value than a=0.95 until the relative
luminance is less than about 3%.

The display apparatus 10 according to the first embodi-
ment of the inventive concept includes a control circuit for
compensating for luminance deterioration having a single
system structure. The display apparatus according to the
second embodiment of the inventive concept is able to
maintain the post-compensation luminance deterioration
ratio Ld/Li at a higher value than a=0.95 until the relative
luminance decreases to a lower value than that for the
display apparatus according to the first embodiment of the
inventive concept (e.g., during the interval during which the
relative luminance is greater than or equal to about 3%). For
example, the pixel circuit 110 may be adjusted so that
Equation (14) is satisfied at the driving current value Ic at
which the relative luminance is about 3%, so that the
post-compensation luminance deterioration ratio Ld/Li may
be maintained at a higher value than a=0.95 during the
interval during which the relative luminance is less than
about 3%.



US 9,451,677 B2

25

However, for the display apparatus 10 according to the
first embodiment of the inventive concept, if a condition for
satisfying Equation (14) is set at a lower luminance side, the
post-compensation luminance deterioration ratio [d/Li
tends to become lower at a high luminance side.

FIG. 9 illustrates a result of comparison between the
display apparatus 10 according to the first embodiment and
the display apparatus 10 according to the second embodi-
ment of the post-compensation luminance deterioration ratio
Ld/Li. That is, FIG. 9 adds, as a comparison between FIG.
4 and FIG. 8, a graph of the post-compensation luminance
deterioration ratio Ld/Li in the case where a condition for
satisfying Equation (14) is set at a lower luminance side for
the display apparatus 10 according to the first embodiment
of the inventive concept to the graph shown in FIG. 8. In
FIG. 9, the graph indicated by “dual system configuration”
corresponds to the display apparatus according to the second
embodiment of the inventive concept, and the graph indi-
cated by “single system configuration” corresponds to the
display apparatus according to the first embodiment of the
inventive concept.

Referring to FIG. 9, it may be understood that, in the case
of the single system configuration, the post-compensation
luminance deterioration ratio L.d/Li may be maintained or
substantially maintained at a higher value than a=0.95 over
a wider range of the relative luminance by setting a condi-
tion for satistying Equation (14) at a lower luminance side
(e.g., lower than at about 10% shown in FIG. 4). However,
in the case of the single system configuration, since a
condition for satisfying Equation (14) is set at the lower
luminance side, the post-compensation luminance deterio-
ration ratio Ld/Li becomes lower at a high luminance side.

Compared to the display apparatus 10 according to the
first embodiment of the inventive concept, the display appa-
ratus 10 according to the second embodiment of the inven-
tive concept maintains or substantially maintains the post-
compensation luminance deterioration ratio Ld/[i at a
higher value than a=0.95 over a wider range of the relative
luminance (particularly, at a low luminance side). Further-
more, the display apparatus 10 may maintain or substantially
maintain the post-compensation luminance deterioration
ratio Ld/Li at a high value even at a high luminance side.

Although it has been described that the pixel circuit 110
is provided with a dual system of a control circuit for
compensating for luminance deterioration (e.g., a discharge
circuit including optical sensors Ps1 and Ps2 and sensor
capacitors Cs1 and Cs2), the inventive concept is not limited
thereto. For example, the pixel circuit 110 may include a
triple or higher-order system of a control circuit for com-
pensating for luminance deterioration.

A principle of operation of the display apparatus 10
according to the second embodiment of the inventive con-
cept for compensating for the luminance deterioration of the
organic light-emitting diode OL has been be described with
reference to FIGS. 8 and 9 for the circuit configuration of the
pixel circuit 110 of FIG. 5.

2.4. Modification Example

Next, another exemplary driving timing of the pixel
circuit 110 will be described as a modification example of
the display apparatus 10 according to the second embodi-
ment of the inventive concept.

In the examples of FIGS. 6 and 7, the length of the
constant light emission interval T, | based on operation of the
light emission control transistor M3 is equal to or substan-
tially equal to the length of the constant light emission
interval T, based on operation of the light emission control
transistor M5. However, according to another example,
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provided that the lengths of the luminance deterioration
compensating light emission intervals T,,,, and T,,,, are
maintained, a ratio between the lengths of the constant light
emission intervals T, and T,, may be appropriately modi-
fied according to an expected operation type of the display
apparatus 10.

For example, FIG. 10 is a diagram illustrating an exem-
plary driving timing of the pixel circuit 110 according to
another example of the second embodiment of the inventive
concept. In FIG. 10, the reference signs P, P, P,5, and
P, correspond to the reference signs P, ,, P,5, P;5, and P,
respectively, of FIG. 6.

FIG. 10 illustrates an example in which the constant light
emission interval T,; of FIG. 6 is shortened to a desired
minimum length, so as to extend the constant light emission
interval T,,. Here, the desired minimum length of the
constant light emission interval T | corresponds to a time for
maintaining or substantially maintaining the gate voltage
Vg3 of the first light emission control transistor M3 in the
first sensor capacitor Cs1, and more specifically, may be
equal to about several tens of microsecond.

FIG. 11 is a schematic timing chart illustrating an exem-
plary driving timing of the pixel circuit 110 according to
another example of the second embodiment of the inventive
concept. FIG. 11 illustrates an exemplary driving timing of
the pixel circuit 110 in the case where the pixel circuit 110
according to the second embodiment of the inventive con-
cept illustrated in FIG. 5 is driven so that the length of the
constant light emission interval T, is extended as illustrated
in FIG. 10. FIG. 11 illustrates a relationship between the
signals SW1 and SW2 and time-series changes in the gate
voltages Vg3 and Vg5 of the light emission control transis-
tors M3 and M5 in the case indicated by the reference sign
P,s of FIG. 10.

As described above, the constant light emission interval
T,, corresponds to an interval during which the first switch-
ing transistor M4 is controlled to be turned on (e.g., an
interval during which the signal SW1 is at an L level (e.g.,
a low level)). The constant light emission interval T,
corresponds to an interval during which the second switch-
ing transistor M6 is controlled to be turned on (e.g., an
interval during which the signal SW2 is at an L level (e.g.,
a low level)). Therefore, in the case where the pixel circuit
110 is driven as illustrated in FIGS. 10 and 11, an interval
during which the signal SW1 is at the L level may be
shortened to a desired minimum length, and an interval
during which the signal SW2 is at the L level may be
extended by as much as the amount of the interval of the
signal SW1 at the L level is shortened.

Furthermore, in the examples of FIGS. 10 and 11, in the
case where the length of the constant light emission interval
T,, is approximately (about) equal to 0, the pixel circuit 110
according to another example may be driven with a duty
ratio of (T,;+T,,+T,,)/T,.

Another exemplary driving timing of the pixel circuit 110
has been described with reference to FIGS. 10 and 11 as
another example of the display apparatus 10 according to the
second embodiment of the inventive concept.

2.5. Summary

As described above, the display apparatus 10 according to
the second embodiment of the inventive concept includes a
multisystem of a control circuit for compensating for lumi-
nance deterioration. The display apparatus 10 allows the
light emission interval T, of one frame to be divided into a
constant light emission interval and a luminance deteriora-
tion compensating light emission interval, so that the display
apparatus 10 is controlled according to the intervals for each
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system. The display apparatus 10 controls the luminance of
the organic light-emitting diode OL according to the lumi-
nance of emitted light (or on gradation) during the constant
light emission interval. Furthermore, the display apparatus
10 controls the length of a corresponding luminance dete-
rioration compensating light emission interval for each
control circuit for compensating for luminance deterioration.
Accordingly, the display apparatus 10 compensates for the
amount of light emitted from the organic light-emitting
diode OL according to the amount of luminance deteriora-
tion of the organic light-emitting diode OL (e.g., compen-
sates for the luminance deterioration).

Accordingly, like the display apparatus 10 according to
the first embodiment of the inventive concept, the display
apparatus 10 according to the second embodiment of the
inventive concept is able to individually control the com-
pensation for the luminance deterioration of the organic
light-emitting diode OL and the luminance of the organic
light-emitting diode OL according to the luminance of
emitted light (or on gradation). That is, according to the
display apparatus 10 according to the second embodiment of
the inventive concept, the luminance of the organic light-
emitting diode OL may be set, and a light emission amount
may be compensated according to the amount of luminance
deterioration of the organic light-emitting diode OL.

Furthermore, according to the display apparatus 10
according to the second embodiment of the inventive con-
cept, the lengths of the constant light emission intervals T,
and T, may be appropriately changed. Therefore, according
to the display apparatus 10 according to the second embodi-
ment of the inventive concept, the lengths of the constant
light emission intervals T, and T, may be appropriately set
according to an operation type of the display apparatus 10,
so that the occurrence of a false contour may be avoided.

Moreover, according to the display apparatus 10 accord-
ing to the second embodiment of the inventive concept,
design parameters of the optical sensors Ps1 and Ps2 (e.g.,
a sensor size, an amount of light irradiated to a sensor,
capacitance values of the sensor capacitors Cs1 and Cs2,
and/or the like) may be appropriately chosen (e.g., deter-
mined) according to sensitivity characteristics of the optical
sensors Psl and Ps2, so as to appropriately adjust the
luminance deterioration compensating light emission inter-
vals T,, and T,, according to a target luminance deteriora-
tion ratio “a.” That is, according to the display apparatus 10
according to the second embodiment of the inventive con-
cept, the luminance deterioration compensating light emis-
sion intervals T,, and T,, may be appropriately set accord-
ing to an operation type (kind) of the display apparatus 10.

In addition, according to the display apparatus 10 accord-
ing to the second embodiment of the inventive concept, the
post-compensation luminance deterioration ratio [d/Li
obtained after performing compensation over a wider lumi-
nance range (particularly, a low luminance side) may be
maintained or substantially maintained at a higher value than
the set or predetermined luminance deterioration ratio “a,”
and the post-compensation luminance deterioration ratio
Ld/Li of a high luminance side may be maintained or
substantially maintained at a higher value.

3. Third Embodiment

A display apparatus according to a third embodiment of
the inventive concept will be described. The display appa-
ratus according to the third embodiment of the inventive
concept is different from the display apparatus according to
the above-described embodiments of the inventive concept
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with respect to the configuration and/or the driving timing of
the pixel circuit 110. Therefore, the configuration and/or the
driving timing of the pixel circuit 110 of the display appa-
ratus according to the third embodiment of the inventive
concept will be particularly described in more detail, and
detailed descriptions of the same or substantially the same
elements are not repeated.

3.1. Configuration of Pixel Circuit

An exemplary configuration of a pixel circuit according to
the third embodiment of the inventive concept will described
with reference to FIG. 12. FIG. 12 is a diagram illustrating
an exemplary configuration of a pixel circuit according to
the third embodiment of the inventive concept.

FIG. 12 illustrates an example of the pixel circuit 110
located at a crossing region of the ith row and the jth column
from among the pixel circuits 110 included in the display
unit 100 illustrated in FIG. 1. Since the other pixel circuits
110 may have the same or substantially the same structure as
that of the pixel circuit 110 of FIG. 12, detailed descriptions
of the other pixel circuits 110 are not provided.

As illustrated in FIG. 12, the pixel circuit 110 according
to the third embodiment of the invention concept includes an
organic light-emitting diode OL, a retention capacitor C1, a
switching transistor M1, a driving transistor M2, an optical
sensor Ps1, sensor capacitors Cs,; and Cs,,, a light emission
control transistor M3, and switching transistors M4 and M7.

The driving transistor M2 and the light emission control
transistor M3 may include, for example, P-channel MOS-
FETs.

The source terminal of the driving transistor M2 is
connected to a signal line for supplying the first power
supply voltage Vdd, and the drain terminal of the driving
transistor M2 is connected to the source terminal of the light
emission control transistor M3. The drain terminal of the
light emission control transistor M3 is connected to the
anode of the organic light-emitting diode OL. The cathode
of the organic light-emitting diode OL is connected to the
second power supply voltage Vss (e.g., a source of the
second power supply voltage Vss).

The driving transistor M2, the retention capacitor C1, and
the switching transistor M1 respectively correspond to the
driving transistor M2, the retention capacitor C1, and the
switching transistor M1 of the pixel circuit 110 according to
the first embodiment of the inventive concept (see FIG. 2).
Since a connection relationship among the driving transistor
M2, the retention capacitor C1, and the switching transistor
M1 is the same or substantially the same as that of the pixel
circuit 110 according to the first embodiment of the inven-
tive concept, a detailed description of the connection rela-
tion is not repeated.

In the display apparatus 10 according to the third embodi-
ment of the inventive concept, signals SW1 and SW2 that
correspond to the signal SW of the first embodiment of the
inventive concept may be individually supplied to the pixel
circuit 110. A compensation control signal line 1134 of FIG.
12 is a signal line for supplying the signal SW1 to the pixel
circuit 110. A compensation control signal line 1135 is a
signal line for supplying the signal SW2 to the pixel circuit
110. Furthermore, like the signal SW of the first embodiment
of the inventive concept, the signals SW1 and SW2 may be
supplied to each pixel circuit 110 by the scan driver 120.

The source terminal of the first switching transistor M4 is
connected to the compensation voltage signal line 115, and
the drain terminal of the first switching transistor M4 is
connected to the gate terminal of the light emission control
transistor M3. The first switching transistor M4 is turned
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on/off by the signal SW1 transferred to the gate terminal of
the switching transistor M4 through the compensation con-
trol signal line 113a.

The optical sensor Ps1 may include, for example, a
photodiode or a phototransistor. For example, polysilicon,
amorphous silicon, and/or the like may be used as a material
of the optical sensor Ps1. One terminal of the optical sensor
Ps1 is connected to the gate terminal of the light emission
control transistor M3, and the other terminal of the optical
sensor Ps1 is connected to the reference voltage GND (e.g.,
a source of the reference voltage GND). The optical sensor
Psl may receive a part of light from the organic light-
emitting diode OL that is irradiated on the optical sensor
Psl.

One terminal of the first sensor capacitor Cs,, is con-
nected to the gate terminal of the light emission control
transistor M3, and the other terminal of the first sensor
capacitor Cs, is connected to the reference voltage GND.
One terminal of the second sensor capacitor Cs,, is con-
nected to the gate terminal of the light emission control
transistor M3, and the other terminal of the second sensor
capacitor Cs,, is connected to the reference voltage GND
via the second switching transistor M7. The second switch-
ing transistor M7 is turned on/off by the signal SW2 trans-
ferred to the gate terminal of the second switching transistor
M7 through the compensation control signal line 1134.

That is, while the switching transistor M7 is turned off, the
first sensor capacitor Cs,, alone, from among the sensor
capacitors Cs;; and Cs,,, is connected between the gate
terminal of the light emission control transistor M3 and the
reference voltage GND. While the second switching tran-
sistor M7 is turned on, the sensor capacitors Cs,; and Cs,,
are connected in parallel between the gate terminal of the
light emission control transistor M3 and the reference volt-
age GND.

While the second switching transistor M7 is turned off,
the potential Vg3 of the gate terminal of the light emission
control transistor M3 is maintained or substantially main-
tained in the first sensor capacitor Cs, ;. In the case where the
second switching transistor M7 is turned on, the potential
Vg3 of the gate terminal of the light emission control
transistor M3 is maintained or substantially maintained in
the sensor capacitors Cs;; and Cs,,.

That is, once the first switching transistor M4 is turned on,
the initial sensor voltage Vso (Vso<0) that is pre-adjusted to
a potential (e.g., a predetermined potential) is applied from
the data driver 130 to the gate terminal of the light emission
control transistor M3 through the compensation voltage
signal line 115.

Accordingly, the light emission control transistor M3 is
turned on, and the driving transistor M2 is selectively turned
on according to the DT signal transferred from the data line
114 and maintained or substantially maintained in the reten-
tion capacitor C1. Furthermore, the driving current Ic based
on the DT signal maintained or substantially maintained in
the retention capacitor C1 is supplied to the organic light-
emitting diode OL through the light emission control tran-
sistor M3, and a light emission state of the organic light-
emitting diode OL is controlled.

Thereafter, once the first switching transistor M4 is turned
off, the gate terminal of the light emission control transistor
M3 is floated.

At this time, in the case where the second switching
transistor M7 is turned off, the initial sensor voltage Vso
applied through the compensation voltage signal line 115 is
maintained or substantially maintained in the first sensor
capacitor Cs, . Furthermore, at this time, the light emission

20

25

30

35

40

45

50

30

control transistor M3 is turned on, and the current IL that
flows between the drain and the source of the light emission
control transistor M3 is equal to or substantially equal to the
driving current Ic.

Thereafter, the initial sensor voltage Vso maintained or
substantially maintained in the first sensor capacitor Cs,; is
discharged by the sensing current Is based on a detection
result of the optical sensor Psl. Due to the discharge, the
gate voltage Vg3 of the light emission control transistor M3
increases from the potential Vso. Furthermore, when the
gate voltage Vg3 reaches the threshold voltage Vth3 of the
light emission control transistor M3, the light emission
control transistor M3 is turned off, and the current IL
becomes equal to or substantially equal to O (e.g., the organic
light-emitting diode OL is turned off).

Furthermore, in the case where the second switching
transistor M7 is turned on, the initial sensor voltage Vso
applied through the compensation voltage signal line 115 is
maintained or substantially maintained in the sensor capaci-
tors Cs;; and Cs,,. Furthermore, at this time, the light
emission control transistor M3 is turned on, and the current
IL that flows between the drain and the source of the light
emission control transistor M3 is equal to or substantially
equal to the driving current Ic.

Thereafter, the initial sensor voltage Vso maintained or
substantially maintained in the sensor capacitors Cs,; and
Cs,, is discharged by the sensing current Is based on a
detection result of the optical sensor Ps1. Due to the dis-
charge, the gate voltage Vg3 of the light emission control
transistor M3 increases from the potential Vso. Moreover, at
this time, the gate voltage Vg3 is changed with a charac-
teristic different from that of the case where the second
switching transistor M7 is turned off. Furthermore, when the
gate voltage Vg3 reaches the threshold voltage Vth3 of the
light emission control transistor M3, the light emission
control transistor M3 is turned off, and the current IL
becomes equal to or substantially equal to O (e.g., the organic
light-emitting diode OL is turned off).

In the above description, a P-channel transistor is exem-
plarily used as each of the transistors of the pixel circuit 110
of FIG. 12, but the inventive concept is not limited thereto.
For example, an N-channel transistor may be used as each
of the transistors of the pixel circuit 110 of FIG. 12. In this
case, relationships among signals in terms of potential may
be modified, as appropriate, according to characteristics of
each of the transistors.

An exemplary configuration of a pixel circuit according to
the third embodiment of the inventive concept has been
described with reference to FIG. 12.

3.2. Driving Timing

An exemplary driving timing of each element of the pixel
circuit 110 of FIG. 12 will be described with reference to
FIG. 13. FIG. 13 is a diagram illustrating an exemplary
driving timing of the pixel circuit 110 according to the third
embodiment of the inventive concept. The pixel circuit 110
located at a crossing region of the ith row and the jth column
is described below as an example. Since the other pixel
circuits 110 have the same or substantially the same struc-
ture as that of the exemplary pixel circuit 110, detailed
descriptions of the other pixel circuits 110 are not provided.

In FIG. 13, a reference sign T, represents a light emission
interval for displaying an image by operating the organic
light-emitting diode OL to emit light during an interval of
one frame. For convenience, in the timing chart of FIG. 13,
the light emission interval T, of the organic light-emitting
diode OL is shown as the interval of one frame, and other
intervals for a control operation are not shown. Therefore, a
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control interval and/or the like for compensating for a
change in a threshold value of a driving transistor may be
provided in addition to the light emission interval T, during
the interval of one frame.

As illustrated in FIG. 13, the light emission interval T is
divided into constant light emission intervals T,;, and T,
and luminance deterioration compensating light emission
intervals T,; and T,,, so that the pixel circuit 110 according
to the third embodiment of the inventive concept is con-
trolled according to the intervals. Reference signs T,,,, and
T,,,, represent maximum values of the luminance deterio-
ration compensating light emission intervals T,, and T,,,
respectively. The constant light emission intervals T,, and
T,, represent intervals during which the organic light-emit-
ting diode OL is enabled to constantly emit light on the basis
of the driving current Ic determined by the DT signal based
on the luminance of emitted light (or on gradation).

The first luminance deterioration compensating light
emission interval T,; corresponds to an interval for com-
pensating for the luminance deterioration of the organic
light-emitting diode OL, and the second switching transistor
M7 is controlled to be turned on during the first luminance
deterioration compensating light emission interval T,,. That
is, the luminance deterioration compensating light emission
interval T, is changed on the basis of discharge times of the
sensor capacitors Cs,; and Cs,,, and tends to be shorter as
the luminance of the organic light-emitting diode OL is
higher (e.g., as the driving current Ic increases).

The second luminance deterioration compensating light
emission interval T,, corresponds to an interval for com-
pensating for the luminance deterioration of the organic
light-emitting diode OL, and the second switching transistor
M7 is controlled to be turned off during the second lumi-
nance deterioration compensating light emission interval
T,,. That is, the second luminance deterioration compen-
sating light emission interval T,, is changed on the basis of
the discharge time of the first sensor capacitor Cs,;, and
tends to be shorter as the luminance of the organic light-
emitting diode OL is higher (e.g., as the driving current Ic
increases). In a state where the second switching transistor
M7 is turned on, a capacitor in which the initial sensor
voltage Vso is maintained or substantially maintained (e.g.,
a combined capacitor of the sensor capacitors Cs,, and Cs, ,)
corresponds to an example of a “first capacitor.” In a state
where the second switching transistor M7 is turned off, a
capacitor in which the initial sensor voltage Vso is main-
tained or substantially maintained (e.g., the sensor capacitor
Cs,;) corresponds to an example of a “second capacitor.”

In FIG. 13, reference signs P21, P23, P25, and P27
represent an exemplary relationship between the constant
light emission intervals T,, and T,, and the luminance
deterioration compensating light emission intervals T,, and
T,, according to the driving current Ic (e.g., according to the
luminance of the organic light-emitting diode OL).

An exemplary driving timing of each element of the pixel
circuit 110 according to the third embodiment of the inven-
tive concept will be described with reference to FIGS. 12 to
14. FIG. 14 is a schematic timing chart illustrating an
exemplary driving timing of the pixel circuit 110 according
to the third embodiment of the inventive concept. FIG. 14
illustrates an exemplary relationship between the signals
SW1 and SW2 and time-series changes in the gate voltages
Vg3 and Vg5 of the light emission control transistors M3
and M5 in the case indicated by the reference sign P25 of
FIG. 13. The scan signal, the DT signal, and the initial sensor
voltage Vso are the same or substantially the same as those
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of the first embodiment of the inventive concept (see FIG.
3), and thus, are not illustrated in FIG. 14.

As illustrated in FIG. 14, the signal SW1 is at an L level
(e.g., alow level) during the intervals T, and T, during the
light emission interval T,. That is, the first switching tran-
sistor M4 is turned on during the intervals T, and T, on the
basis of the signal SW1. The signal SW2 is at an L level
(e.g., a low level) during the intervals T,, and T,,,, during
the light emission interval T,. That is, the second switching
transistor M7 is turned on during the intervals T, and T,,,,
on the basis of the signal SW2.

In more detail, as illustrated in FIG. 14, the L-level signal
SW1 is supplied through the compensation control signal
line 1134 of the ith row during the interval T ,, and the first
switching transistor M4 of the pixel circuit 110 is turned on.
Therefore, the initial sensor voltage Vso (Vso<0) that is
pre-adjusted to a potential (e.g., a predetermined potential)
is applied as the gate voltage Vg3 to the gate terminal of the
light emission control transistor M3 through the compensa-
tion voltage signal line 115 of the jth column.

Accordingly, the light emission control transistor M3 is
turned on, and the driving transistor M2 is selectively turned
on according to the DT signal (e.g., DTj) transferred from
the data line 114 and maintained or substantially maintained
in the retention capacitor C1. Furthermore, the driving
current Ic based on the DT signal maintained or substantially
maintained in the retention capacitor C1 is supplied the
organic light-emitting diode OL through the light emission
control transistor M3. Accordingly, the organic light-emit-
ting diode OL emits light with a luminance according to the
driving current Ic.

Since the signal SW2 is at an H level (e.g., a high level)
during the intervals T,, and T,,,, the second switching
transistor M7 is turned off. That is, during the intervals T,
and T,,,, the first sensor capacitor Cs,, alone, from among
the first and second sensor capacitors Cs;; and Cs,,, is
connected between the gate terminal of the light emission
control transistor M3 of the pixel circuit 110 and the
reference voltage GND.

Thereafter, when the signal SW1 reaches an H level (e.g.,
a high level), the first switching transistor M4 is turned off,
and the initial sensor voltage Vso applied through the
compensation voltage signal line 115 is maintained or sub-
stantially maintained in the first sensor capacitor Cs,;.

Thereafter, the initial sensor voltage Vso maintained or
substantially maintained in the first sensor capacitor Cs,; is
discharged by the sensing current Is based on a detection
result of the optical sensor Psl. Due to the discharge, the
gate voltage Vg3 of the light emission control transistor M3
becomes higher than the initial sensor voltage Vso. Further-
more, when the gate voltage Vg3 reaches the threshold
voltage Vth3 of the light emission control transistor M3, the
light emission control transistor M3 is turned off, and the
current 1L becomes equal to or substantially equal to 0 (e.g.,
the organic light-emitting diode OL is turned off).

Due to the discharge of the first sensor capacitor Cs,; by
the sensing current Is, the gate voltage Vg3 starts to increase.
A time taken for the gate voltage Vg3 to reach the threshold
voltage Vth3 corresponds to the second luminance deterio-
ration compensating light emission interval T,,. The length
of the second luminance deterioration compensating light
emission interval T,, corresponds to the discharge time of
the first sensor capacitor Cs, ;, and is determined according
to a relationship between the sensing current [s and the first
sensor capacitor Cs, ;.

Thereafter, during the interval T, |, the L-level signal SW1
is supplied through the compensation control signal line
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1134 of the ith row, and the first switching transistor M4 of
the pixel circuit 110 is turned on. Then, the initial sensor
voltage Vso (Vso<0) that is pre-adjusted to a potential (e.g.,
a predetermined potential) is applied as the gate voltage Vg3
to the gate terminal of the light emission control transistor
M3 of the pixel circuit 110 through the compensation
voltage signal line 115 of the jth column.

Furthermore, during the interval T,,, the L-level signal
SW2 is supplied through the compensation control signal
line 1135 of the ith row, and the second switching transistor
M7 of the pixel circuit 110 is turned on. Accordingly, in the
pixel circuit 110, the first and second sensor capacitors Cs,
and Cs,, connected in parallel are connected between the
gate terminal of the light emission control transistor M3 and
the reference voltage GND.

Thereafter, when the signal SW1 reaches an H level (e.g.,
a high level), the first switching transistor M4 is turned off,
and the initial sensor voltage Vso applied through the
compensation voltage signal line 115 is maintained or sub-
stantially maintained in the sensor capacitors Cs;, and Cs,,
(in other words, a combined capacitor including the sensor
capacitors Cs,;; and Cs,,).

Thereafter, the initial sensor voltage Vso maintained or
substantially maintained in the sensor capacitors Cs,;; and
Cs,, is discharged by the sensing current Is based on a
detection result of the optical sensor Psl. Due to the dis-
charge, the gate voltage Vg3 of the light emission control
transistor M3 increases from the potential Vso. Furthermore,
when the gate voltage Vg3 reaches the threshold voltage
Vth3 of the light emission control transistor M3, the light
emission control transistor M3 is turned off, and the current
1L becomes equal to or substantially equal to 0 (e.g., the
organic light-emitting diode OL is turned off).

Furthermore, due to the discharge of the sensor capacitors
Cs,; and Cs |, by the sensing current Is, the gate voltage Vg3
starts to increase. A time taken for the gate voltage Vg3 to
reach the threshold voltage Vth3 corresponds to the first
luminance deterioration compensating light emission inter-
val T,,. The length of the first luminance deterioration
compensating light emission interval T, corresponds to the
discharge time of the sensor capacitors Cs,; and Cs,, (e.g.,
a combined capacitor including the sensor capacitors Cs,,
and Cs,,), and is determined according to a relationship
between the sensing current Is and the sensor capacitors Cs, |
and Cs,,.

As described above, in the example of FIG. 14, the pixel
circuit 110 is driven with a duty ratio of (T, +T,,+T,,+
T,,)/T,. As the constant light emission intervals T,, and T,
are longer (e.g., as an interval during which the signal SW1
is at the L level is longer), the duty ratio is higher. Therefore,
the constant light emission intervals T,, and T,, may be set
to be relatively long, so as to prevent or reduce the occur-
rence of a false contour.

An exemplary driving timing of each element of the pixel
circuit 110 of FIG. 12 has been described with reference to
FIGS. 13 and 14.

Since the display apparatus 10 according to the third
embodiment of the inventive concept is the same as the
display apparatus 10 according to the second embodiment of
the inventive concept with respect to a principle of operation
for compensating for the luminance deterioration of the
organic light-emitting diode OL, a detailed description of the
principle is omitted. The combined capacitor including the
sensor capacitors Cs,; and Cs,, of the display apparatus 10
according to the third embodiment of the inventive concept
corresponds to the first sensor capacitor Csl of the display
apparatus 10 according to the second embodiment of the
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inventive concept (see FIG. 5). The first sensor capacitor
Cs,, (e.g., the first sensor capacitor Cs,; alone) of the display
apparatus 10 according to the third embodiment of the
inventive concept corresponds to the second sensor capaci-
tor Cs2 of the display apparatus 10 according to the second
embodiment of the inventive concept (see FIG. 5).

Although it has been described that the pixel circuit 110
includes two capacitors Cs,, and Cs, ,, the inventive concept
is not limited thereto. For example, the pixel circuit 110
according to some embodiments of the inventive concept
may include three or more capacitors. In this case, a switch-
ing transistor for switching connection relationships among
the three or more capacitors may be appropriately arranged
in the pixel circuit 110.

3.3. Summary

As described above, according to the display apparatus 10
according to the third embodiment of the inventive concept,
a control circuit of the pixel circuit 110 for compensating for
luminance deterioration may be switched between the first
capacitor (e.g., the combined capacitor including the sensor
capacitors Cs,; and Cs, ,) and the second capacitor (e.g., the
sensor capacitor Cs,, alone) by the second switching tran-
sistor M7. Accordingly, the display apparatus 10 controls the
luminance of the organic light-emitting diode OL according
to the luminance of emitted light (or on gradation) during the
constant light emission interval. Furthermore, the display
apparatus 10 controls the length of a luminance deterioration
compensating light emission interval based on discharge of
the first capacitor, and controls the length of a luminance
deterioration compensating light emission interval based on
discharge of the second capacitor, so as to compensate for
the amount of light emitted from the organic light-emitting
diode OL according to the amount of luminance deteriora-
tion of the organic light-emitting diode OL (e.g., compensate
for the luminance deterioration).

Thus, like the display apparatus 10 according to the first
embodiment of the inventive concept, the display apparatus
10 according to the third embodiment of the inventive
concept is able to individually control the compensation for
the luminance deterioration of the organic light-emitting
diode OL and the luminance of the organic light-emitting
diode OL according to the luminance of emitted light (or on
gradation). According to the display apparatus 10 according
to the third embodiment of the inventive concept, the
luminance of the organic light-emitting diode OL may be
set, and the light emission amount may be compensated
according to the amount of luminance deterioration of the
organic light-emitting diode OL.

Furthermore, according to the display apparatus 10
according to the third embodiment of the inventive concept,
the lengths of the constant light emission intervals T, and
T,, may be appropriately changed. Therefore, according to
the display apparatus 10 according to the third embodiment
of the inventive concept, the lengths of the constant light
emission intervals T, and T,, may be appropriately set
according to an operation type of the display apparatus 10,
so that the occurrence of a false contour may be avoided.

Moreover, according to the display apparatus 10 accord-
ing to the third embodiment of the inventive concept, design
parameters of the optical sensor Psl (e.g., a sensor size, an
amount of light irradiated to a sensor, capacitance values of
the sensor capacitors Cs1 and Cs2, and/or the like) may be
appropriately chosen (e.g., determined) according to sensi-
tivity characteristics of the optical sensor Psl, so as to
appropriately adjust the luminance deterioration compensat-
ing light emission intervals T,, and T,, according to a target
luminance deterioration ratio “a.” That is, according to the
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display apparatus 10 according to the third embodiment of
the inventive concept, the luminance deterioration compen-
sating light emission intervals T,;, and T,, may be appro-
priately set according to an operation type (kind) of the
display apparatus 10.

In addition, according to the display apparatus 10 accord-
ing to the third embodiment of the inventive concept, the
post-compensation luminance deterioration ratio [d/Li
obtained after performing compensation over a wider lumi-
nance range (particularly, a low luminance side) may be
maintained or substantially maintained at a higher value than
that of the set or predetermined luminance deterioration ratio
“a,” and the post-compensation luminance deterioration
ratio Ld/Li of a high luminance side may be maintained or
substantially maintained at a higher value.

Furthermore, it may be understood from FIGS. 5 and 12
that the display apparatus 10 according to one or more
embodiments of the present invention may enable reduction
of a scale of the pixel circuit 110 compared to the display
apparatus 10 according to the second embodiment of the
inventive concept.

As described above, according to one or more embodi-
ments of the inventive concept, the occurrence of a false
contour may be prevented or reduced. Furthermore, one or
more embodiments of the inventive concept may provide a
display apparatus, a display method, and a program for
desirably compensating for the amount of light emission of
a light-emitting element according to the amount of dete-
rioration of the light-emitting element for each pixel.

Exemplary embodiments have been described herein with
reference to the accompanying drawings. The present inven-
tive concept, however, may be embodied in various different
forms, and should not be construed as being limited to only
the illustrated embodiments herein. Rather, these embodi-
ments are provided as examples so that this disclosure will
be thorough and complete, and will fully convey the aspects
and features of the inventive concept to those skilled in the
art. Accordingly, processes, elements, and techniques that
are not necessary to those having ordinary skill in the art for
a complete understanding of the aspects and features of the
inventive concept may not be described. Unless otherwise
noted, like reference numerals denote like elements through-
out the attached drawings and the written description, and
thus, descriptions thereof may not be repeated.

In the drawings, the relative sizes of elements, layers, and
regions may be exaggerated for clarity. Spatially relative
terms, such as “beneath,” “below,” “lower,” “under,”
“above,” “upper,” and the like, may be used herein for ease
of explanation to describe one element or feature’s relation-
ship to another element(s) or feature(s) as illustrated in the
figures. It will be understood that the spatially relative terms
are intended to encompass different orientations of the
device in use or in operation, in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” or “under” other elements or features would then
be oriented “above” the other elements or features. Thus, the
example terms “below” and “under” can encompass both an
orientation of above and below. The device may be other-
wise oriented (e.g., rotated 90 degrees or at other orienta-
tions) and the spatially relative descriptors used herein
should be interpreted accordingly.

It will be understood that, although the terms “first,”
“second,” “third,” etc., may be used herein to describe
various elements, components, regions, layers and/or sec-
tions, these elements, components, regions, layers and/or
sections should not be limited by these terms. These terms
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are used to distinguish one element, component, region,
layer or section from another element, component, region,
layer or section. Thus, a first element, component, region,
layer or section described below could be termed a second
element, component, region, layer or section, without
departing from the spirit and scope of the inventive concept.

It will be understood that when an element or layer is
referred to as being “on,” “connected to,” or “coupled to”
another element or layer, it can be directly on, connected to,
or coupled to the other element or layer, or one or more
intervening elements or layers may be present. In addition,
it will also be understood that when an element or layer is
referred to as being “between” two elements or layers, it can
be the only element or layer between the two elements or
layers, or one or more intervening elements or layers may
also be present.

The terminology used herein is for the purpose of describ-
ing particular embodiments and is not intended to be limit-
ing of the inventive concept. As used herein, the singular
forms “a” and “an” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises,” “compris-
ing,” “includes,” and “including,” when used in this speci-
fication, specify the presence of the stated features, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
and/or groups thereof. As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed items. Expressions such as “at least one of,”
when preceding a list of elements, modify the entire list of
elements and do not modify the individual elements of the
list.

As used herein, the term “substantially,” “about,” and
similar terms are used as terms of approximation and not as
terms of degree, and are intended to account for the inherent
variations in measured or calculated values that would be
recognized by those of ordinary skill in the art. Further, the
use of “may” when describing embodiments of the inventive
concept refers to “one or more embodiments of the inventive
concept.” As used herein, the terms “use,” “using,” and
“used” may be considered synonymous with the terms
“utilize,” “utilizing,” and “utilized,” respectively. Also, the
term “exemplary” is intended to refer to an example or
illustration.

The electronic or electric devices and/or any other rel-
evant devices or components according to embodiments of
the inventive concept described herein may be implemented
utilizing any suitable hardware, firmware (e.g. an applica-
tion-specific integrated circuit), software, or a combination
of software, firmware, and hardware. For example, the
various components of these devices may be formed on one
integrated circuit (IC) chip or on separate IC chips. Further,
the various components of these devices may be imple-
mented on a flexible printed circuit film, a tape carrier
package (TCP), a printed circuit board (PCB), or formed on
one substrate. Further, the various components of these
devices may be a process or thread, running on one or more
processors, in one or more computing devices, executing
computer program instructions and interacting with other
system components for performing the various functional-
ities described herein. The computer program instructions
are stored in a memory which may be implemented in a
computing device using a standard memory device, such as,
for example, a random access memory (RAM). The com-
puter program instructions may also be stored in other
non-transitory computer readable media such as, for
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example, a CD-ROM, flash drive, or the like. Also, a person
of skill in the art should recognize that the functionality of
various computing devices may be combined or integrated
into a single computing device, or the functionality of a
particular computing device may be distributed across one
or more other computing devices without departing from the
spirit and scope of the exemplary embodiments of the
inventive concept.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which the present inventive concept belongs. It will be
further understood that terms, such as those defined in
commonly used dictionaries, should be interpreted as having
a meaning that is consistent with their meaning in the
context of the relevant art and/or the present specification,
and should not be interpreted in an idealized or overly
formal sense, unless expressly so defined herein.

The above-disclosed embodiments are to be considered as
illustrative and not restrictive, and the appended claims, and
their equivalents, are intended to cover any and all modifi-
cations, enhancements, and/or other embodiments, which
fall within the spirit and scope of the inventive concept.
Thus, to the maximum extent allowed by law, the scope of
the inventive concept is to be determined by the broadest
permissible interpretation of the following claims and their
equivalents, and shall not be restricted or limited by the
foregoing detailed description.

What is claimed is:

1. A display apparatus comprising pixel circuits arranged
in a matrix, each of the pixel circuits comprising:

a light-emitting element configured to emit light having a

luminance based on an amount of current;

an optical sensor configured to detect the luminance of the

light emitted from the light-emitting element; and

a compensation control circuit comprising a first capacitor

and a second capacitor, the first and second capacitors

configured to maintain a second voltage applied to the
compensation control circuit,

wherein a light emission interval of the light-emitting

element comprises:

a first interval having a length during which the light-
emitting element is configured to constantly emit
light having a luminance based on a first voltage for
controlling the luminance of the light-emitting ele-
ment;

a second interval; and

a third interval, and

wherein the compensation control circuit is configured to:

control an amount of current supplied to the light-
emitting element according to a detection result of
the optical sensor and the second voltage maintained
in the first capacitor, during the second interval; and

control an amount of current supplied to the light-
emitting element according to a detection result of
the optical sensor and the second voltage maintained
in the second capacitor, during the third interval.

2. The display apparatus of claim 1,

wherein the first capacitor is configured to maintain the

second voltage applied during the second interval, and

wherein the second capacitor is configured to maintain the
second voltage applied during the third interval.

3. The display apparatus of claim 2, wherein the com-
pensation control circuit comprises a light emission control
transistor configured to control an amount of a source-drain
current thereof based on the second voltage maintained in at
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least one of the first capacitor or the second capacitor and a
gate voltage determined according to the detection result of
the optical sensor.

4. The display apparatus of claim 3,

wherein the optical sensor comprises a first optical sensor

and a second optical sensor,

wherein the light emission control transistor comprises a

first light emission control transistor and a second light
emission control transistor,
wherein one terminal of the first optical sensor and one
terminal of the first capacitor are connected to a gate
terminal of the first light emission control transistor,

wherein one terminal of the second optical sensor and one
terminal of the second capacitor are connected to a gate
terminal of the second light emission control transistor,

wherein the first light emission control transistor is con-
figured to control an amount of a source-drain current
thereof based on the second voltage maintained in the
first capacitor and a gate voltage determined according
to a detection result of the first optical sensor, during
the second interval, and

wherein the second light emission control transistor is

configured to control an amount of a source-drain
current thereof based on the second voltage maintained
in the second capacitor and a gate voltage determined
according to a detection result of the second optical
sensor, during the third interval.

5. The display apparatus of claim 3, further comprising a
switching element configured to switch between the first
capacitor and the second capacitor for maintaining the
second voltage,

wherein the light emission control transistor is configured

to control the amount of the source-drain current
thereof based on the second voltage maintained in the
first capacitor and the gate voltage determined accord-
ing to a detection result of the optical sensor, during the
second interval, and configured to control the amount
of the source-drain current thereof based on the second
voltage maintained in the second capacitor and the gate
voltage determined according to a detection result of
the optical sensor, during the third interval.

6. The display apparatus of claim 1,

wherein the third interval is before the second interval

during an interval of one frame, and

wherein a capacitance of the first capacitor is larger than

that of the second capacitor.

7. The display apparatus of claim 1,

wherein each of the pixel circuits further comprises a

driving transistor configured to control an amount of a
source-drain current thereof based on the first voltage
applied to a gate terminal of the driving transistor, and
wherein the amount of current supplied to the light-
emitting element is controlled based on the driving
transistor and the compensation control circuit.

8. The display apparatus of claim 7,

wherein the driving transistor is located at a front stage of

the compensation control circuit, and

wherein the compensation control circuit is configured to

control the amount of current supplied to the light-
emitting element based on current supplied through the
driving transistor.

9. A method for displaying an image on a display appa-
ratus comprising pixel circuits arranged in a matrix, each of
the pixel circuits comprising:

a light-emitting element configured to emit light having a

luminance based on an amount of current;



US 9,451,677 B2

39

an optical sensor configured to detect the luminance of the

light emitted from the light-emitting element; and

a compensation control circuit comprising a first capacitor

and a second capacitor, the first and second capacitors

configured to maintain a second voltage applied to the
compensation control circuit,

wherein a light emission interval of the light-emitting

element comprises:

a first interval having a length during which the light-
emitting element is configured to constantly emit
light having a luminance based on a first voltage for
controlling the luminance of the light-emitting ele-
ment;

a second interval; and

a third interval,

the method comprising:

controlling an amount of current supplied to the light-
emitting element based on a detection result of the
optical sensor and the second voltage maintained in
the first capacitor, during the second interval; and

controlling the amount of current supplied to the light-
emitting element based on a detection result of the
optical sensor and the second voltage maintained in
the second capacitor, during the third interval.

10. A recording medium for storing a program comprising
instructions for displaying an image on a display apparatus
comprising pixel circuits arranged in a matrix, each of the
pixel circuits comprising:

a light-emitting element configured to emit light having a

luminance based on an amount of current;
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an optical sensor configured to detect the luminance of the
light emitted from the light-emitting element; and

a compensation control circuit comprising a first capacitor
and a second capacitor, the first and second capacitors
configured to maintain a second voltage applied to the
compensation control circuit,

wherein a light emission interval of the light-emitting
element comprises:

a first interval having a length during which the light-
emitting element is configured to constantly emit
light having a luminance based on a first voltage for
controlling the luminance of the light-emitting ele-
ment;

a second interval; and

a third interval,

the instructions of the program cause the compensation
control circuit to:

control an amount of current supplied to the light-emitting
element based on a detection result of the optical sensor
and the second voltage maintained in the first capacitor,
during the second interval; and

control the amount of current supplied to the light-
emitting element based on a detection result of the
optical sensor and the second voltage maintained in the
second capacitor, during the third interval.
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